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Abstract 
Ocimum tenuiflorum L. (Holy basil or Tulsi), belonging to Lamiaceae family, is an 
important medicinal plant, with particular religious significance to the Hindu community 
throughout the world. Tulsi plants are characterised by high levels of essential oils, 
containing phenylpropanoids, such as eugenol, methyl eugenol (ME), chavicol and 
estragole (methyl chavicol). Two chemotypes of Tulsi have been distinguished, based on 
high or low methyl eugenol:eugenol ratios. As methyl eugenol and methyl chavicol are 
classed as genotoxic carcinogens, it is important to ensure that the levels of these 
compounds in herbal products fall below the regulatory thresholds.  
 
The levels of methyl eugenol in O. tenuiflorum are generally higher than in other Ocimum 
species. The conversion of eugenol to methyl eugenol is catalysed by eugenol O-
methyltransferase (EOMT) enzyme. EOMT gene sequences have been isolated from a 
range of Ocimum species and from different chemotypes of O. tenuiflorum. Analyses of 
EOMT genomic and cDNA sequences revealed a 843 bp open reading frame and the 
presence of a 90-104 bp intron. Alignment of the protein sequences from several Ocimum 
species indicates a number of amino acid substitutions that may be correlated with methyl 
eugenol content and reflect differences in enzyme activity and substrate specificity. Later, 
the levels of ME along with other three secondary metabolites - eugenol, chavicol and 
estragole have been determined by HPLC.  
 
Full length EOMT cDNA were prepared from O. tenuiflorum, O. gratissimum and O. 
basilicum plants and are being used to study the properties of the plant EOMT enzyme 
after expression in bacteria. Along with protein study, the Gateway cloning system was 
successfully used to prepare four binary vectors [O. basilicum (EOMT), O. basilicum 
(CVOMT), O. tenuiflorum and O. gratissimum] for future plant transformation 
experiments. 
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1 Introduction 
 
The World Health Organisation (WHO, 2000) has clearly defined the term Traditional 
medicine that refers to health practices, knowledge, and beliefs based on the theories 
and experiences indigenous to different cultures. This is a common practice followed by 
all communities around the world. There are different concepts of health and disease 
underlying different systems of medicine. The holistic approach of many traditional 
systems includes the view that a wide range of plants contribute to a healthy life. This 
explains the large overlap between herbal medicines and the rich use of herbs and spices 
in traditional cuisines, for example. (WHO, 2005). The concept of modern phytotherapy 
treatment is evolved from ancient natural therapy. The core knowledge of herb was 
mainly used according to individual preference (Engebretson, 2002; Conboy et al., 
2007; Rishton, 2008; Schmidt et al., 2008). 
 
In the rural areas of many countries, people have retained a knowledge of different 
traditional herbal treatments to cure certain illnesses. This knowledge is passed on 
across generations for treatment of variety of mental and physical illnesses (WHO, 
2002). Most of the people living in developing countries rely mainly on herbal 
medicinal products as a primary source of healthcare and traditional medical practice. In 
the recent times, developed countries have also started taking keen interest in such 
treatments. Plant based medicines have acquired wider public attention these days. A 
study by the WHO reveals that almost half of the population in Europe has used 
traditional medicines at least once in their lifetime, while according to the USA 
Commission for Alternative and Complementary medicines (CAM), in year 2000, more 
than $15 billion was spent on traditional remedies (WHO, 2000). 
 
The majority of cultures were using plant for healing purposes but after the introduction 
of modern medicine in 19th century, plant-based medicines was considered to be a 
supportive mode of treatment as countless active compounds have 
been separated from natural products. Modern medicinal system includes 
pharmaceutical drugs with scientific evidences gathered from the initial stages. In some 
17 
 
European countries, including Austria and Germany, has developed a wider acceptance 
towards herbal medicine compared to UK. Unconventional and complementary 
treatments are being used by many practitioners in Europe. Herbal medicines, 
acupuncture, homeopathic medicines are the major forms of treatments used by 
therapist in European countries (Fisher and Ward, 1994).     
 
The majority of developing countries’ population have widely been using plant-based 
medicines for a long period of time. Due to wide acceptance of Plant Science study, this 
practice is also being carried out in developed countries including US and UK over the 
last two decades. The reasons for which people choose herbal medicines over synthetic 
drugs are:  they are cheaper alternative, have fewer side effects compared to chemical-
based drugs and are part of general practice in communities. The maximum applications 
of herbal medicine are for health improvement rather than curing life threatening 
disease (Wachtel and Benzie, 2011). Though, in certain cases, adverse effects have been 
observed when plant based medicine and synthetic drugs are consumed together 
(Benzie, 2011). 
1.1 Medicinal Plants: Global perspective 
Various herbs, shrubs and plants are the essential elements of traditional medicine 
system and they have been used for treatment of several illnesses (Gurib-Fakim, 2006). 
Indigenous medical systems in India, China and Africa have traditional plants as main 
remedies (Kong et al., 2003). These traditional health care systems are different from 
science-based synthetic drugs treatment. The legacy of such modes of treatments have 
been passed on from one generation to another by verbal communication (Cotton, 
1996). Since centuries, this unique approach has been popular in cultures of Chinese, 
Indian and African communities. The traditional medicine plants are easily available in 
nature. They serve as an invaluable source of medicine for people living in rural areas 
(Roberson, 2008). Due to these reasons, research targeting traditional medicinal plants 
has getting more interest these days. Jiaxiang’s study (Jiaxiang, 1997) revealed that 
around 5000 plant species (as shown in Table 1-1) from different families contain 
therapeutic value. 
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Table 1-1: Plant families’ details containing therapeutic value 
Sr. No. Name of the Plant Groups Number of Species 
1 Thalophytes 230 
2 Bryophytes 39 
3 Pteridophytes 382 
4 Gymnospermae 55 
5 Angiospermae 
5a Monocotyledones 676 
5b Dicotyledones 3495 
Total  4877 
 
Traditional medicinal plants are processed and used either in liquid forms - essential 
oils, herbal tea and syrup or in solid form such as rub, ointment, tablet and capsule. 
These products may contain dry powder or plant extract of the medicinal plant. These 
plant extracts are prepared by using variety of techniques including hot-water extract, 
plant maceration involves soaking plant materials in a container, acetic acid extract, 
alcohol extract and long term boiled extract. 
 
The economics and documentation of traditional plants in each continent is different. In 
India and China, the use of herbal medicine and associated medicinal plants usage has 
been documented. Due to this, the majority of traditional plants that have international 
recognition, come from these Asian countries. Europe and America have started using 
herbal medicine to create a balance in their diet and lifestyle. In African countries mixed 
approach has been observed towards traditional herbal medicines (CTA, 2018).  
   
In African continent, the ratio of medical doctors to common people is 1:40,000, while 
there are 1:500 traditional healers available (Abdool et al., 1994). As people cannot 
access mainstream doctors, they have no access to prescribed medicines and therefore 
up to 80% people in Africa, 71% population in Chile and 40% in Colombia rely on the 
traditional medicines (Shaikh and Hatcher, 2005). Hence, studies show that traditional 
plant-based medicines are being a very important mode of medication in developing 
countries.   
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1.2 Medicinal Plants: Indian perspective  
Even though healthcare facilities are readily available in India, plant based medicinal 
products are widely used by medical professionals who practice traditional medicine 
concept and follows modern drugs therapy, too. Some Ayurvedic professionals combine 
traditional and modern knowledge to prepare combinations of plant-based drugs which 
are then published in journals or books to make them available for the rest of the world 
(Sai, 2010). Such form of treatment is highly popular in India where healthcare facilities 
are expensive, and people are inclined towards plant-based medicine which is entirely 
home based, easily available and comparatively cheaper than other form of treatments 
(Rajasekharan, 1996). 
    
In the Indian subcontinent, different forms of indigenous systems including Ayurveda, 
Unani, Siddha, Folk and Sowa-Rigpa, are practiced apart from using allopathy medicine 
(FRLHT, 2015). Even though healthcare facilities are easily available in majority of the 
cities in India, plant based medicinal products are widely used by medical professionals. 
 Ayurveda 
Ayurveda is one of the oldest forms of Indian medical practice. References of Ayurveda 
have been found in literature since second century BC and it is believed to have 
flourished when schools were running in the form of ‘Gurukul’-an ancient form of 
education system in Indian subcontinent. Sages started building such small ‘Gurukul’ 
for students to reside in, live a holistic life and study the different elements of nature. 
Each of these education systems and their founders had a different perspective on 
Ayurvedic medicine. A group of practitioners believed in concept of personalised 
medicine believed in studying the habits, genetic factors, body type and then treating the 
patient, while others believed in starting the treatment and simultaneously observing the 
changes in the health condition (Rao, 1987). Ayurveda is closely linked with the Hindu 
religion and its references are found in ancient books of Hinduism. The concept of 
balanced diet, healthy lifestyle, treatment of various physical and mental illnesses is 
found in ancient Hindu literatures. All this information suggests close relation of 
Ayurveda and Hinduism. The Indian ancient literature known as Vedas (Rig Veda, 
Yajur Veda, Sam Veda, and Atharva Veda) mention that Hindu God named Brahma, 
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who is believed to be the creator of the universe, passed on this medicinal knowledge to 
the founder of Gurukul, from where it became available to the society. The script of 
these literatures was written in “Atreya”, an ancient language. In the later years, it was 
translated and edited and was compiled in the form of “Charaka Samhita” which is used 
by Ayurvedic practitioners till date (Udupa, 1975; Behere et al., 2013). This practice 
has been existing in Indian society for thousands of years and it mainly constitutes 
plant-based medicine and specially designed diets. This method of treatment primarily 
targets the three principles of Ayurveda – Vata, Pitta, Kapha - and imbalance of these 
three is said to lead to sickness (Joshi et al., 2011). Vata energy governs the body 
movements and breathing activities. Imbalance in Vata can lead to thin body structure 
and sensitive skin type. Pitta dosha controls metabolism and digestion. The imbalance 
of Pitta may lead to symptoms like indigestion and mood swings. Kapha is associated 
with human immune system and it also controls cells types in body and therefore its 
mainly related to immune deficiency sickness (Monier-Williams, 2007). Ayurvedic 
practitioners try to keep the balance of three principles in human body by prescribing 
drugs and changing diet types. They strongly believe in the combination of meditation 
and yoga along with the balanced diet that leads to healthy life span. Each person has 
unique body type which ultimately leads to build their personality, mood, appetite and 
body shape. Ayurvedic medication is prescribed after identifying each person’s body 
type unlike the concept of synthetic medicine that has similar medication for the mass 
of the population (Telles et al., 2015). 
 
There are eight sub divisions of Ayurveda.  ‘Rasayana tantra’ is one of the sub 
divisions which include topics such as rejuvenation, healthy diet program, promoting 
drugs and health behavior. Rasayana are well designed drug recipes that have several 
benefits including youthfulness, long lifespan, freedom from illness, sharp memory 
power and strong physique. The recipes of Rasayana drugs contain different 
compositions of plant material among which immunomodulation and anti-oxidant drugs 
recipes have been extensively studied.      
 
Ayurveda considers the excretion of waste material in the form of urine, sweating and 
faces. When three doshas – Vata, Pitta and Kapha are not balanced in human body, the 
21 
 
waste excretion system does not work efficiently which results into several diseases 
such as indigestion, arthritis, constipation and some forms of skin diseases. Ayurvedic 
literature also includes the concept of heat (Agni) formation in human body which 
mainly balance digestive system. Imbalance in this system leads to ulcer and other 
illness (Kurup, 2003). Ayurvedic practitioners consider all these factors including 
doshas, Agni form, excretion system, environment and routine in individual lifestyle 
before considering any treatment for the illness (Hankey, 2001). The whole ayurvedic 
system is based on the concept of ‘Pancha karma’ for removal of unwanted elements 
and healing of different body tissues. This has been performed using laxatives, forced 
vomiting using specially prepared oils, blood purification and administrating medicines 
through the nasal route (Premila, 2006). 
 
Ayurvedic medicines (or Ayurveda) are in practice since several generations and still 
being used by practitioners who have studied the concept of relationship between nature 
and elements of human body. In this modern era where synthetic drugs are immensely 
popular, traditional herbal medicine practitioners need to work hard to shape up the 
strategies to keep this tradition alive. This is difficult due to very less awareness of basic 
medicinal knowledge, limited literature and unavailability of enough plant resources. 
Though, by exploring the roots of this effective plant-based medicine system, a strong 
foundation for advancement of herbal medicines can be prepared in the modern era.  
       
Ayurveda belives that everyone has their own constitution of body which can be 
determined by one’s surrounding environmental conditions, diet habits and excretion 
pattern. A combination of plants genomic structure study along with Ayurveda 
concepts, helps to relate this ancient system with recent trends (Gupta, 2015). This new 
research stream also emphasises on treating patients from same ethnic origin records. 
Ayurvedic researchers target uncovered areas of synthetic drug study including 
personalised medicine, toxic side effects and efficacy issues. Various studies are carried 
out to know the relationship between ethical background, place where people were born, 
most frequently visited places and person’s BMI index. Each person reacts to the certain 
treatment according to their body type (Satyamoorthy et al., 2014). Moreover, 
combination of modern treatments and tools along with ancient Ayurveda concepts can 
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bring positive results in therapeutic world. Keeping this ancient system alive by 
applying its principles in individual lifestyle and getting more scientific proofs could 
convince more people to accept this unconventional form of medicine as a part of their 
life (Warrier, 2011). 
 
Ayurvedic practitioners can prescribe medicines. Some of these medicines contain both 
plants and heavy metals (Gunturu et al., 2011). Some studies have revealed serious side 
effects of these medicines, especially when they interact with synthetic drugs (Chopra 
and Doiphode, 2002). In some case, core ingredients details and specially, 
documentation are missing while prescribing ayurvedic medicines, which make them 
unreliable for human consumption. As this system targets individuals as per their 
personality type, same medication cannot be prescribed to general mass of people. Each 
medicine is specially designed according to individual’s body tendency. The major 
drawback is that, plants used in this treatment can be misidentified. Collection from 
different geographic conditions can have effect on secondary metabolite production. 
Hence, all these factors may result into a compromise on the plant-based medicine 
quality standards. (Jaiswal and Williams, 2017). 
 Siddha 
Siddha practice is mainly originated from the Indus valley, the motherland of the 
Dravidian people. As the habitants of this region migrated to the south region of India 
around 1500 BC, this practice is very popular within local communities of that region. 
Along with using plant-based medicines, this practice also believes in some spiritual 
activities (Thomas et al., 2009).  
 
The primary principle of Siddha is very similar to Ayurveda where they believe in three 
forms of life existence – Fire, Air and Water. Though, this tradition mainly believes in 
rejuvenation of life rather than targeted any disease. It focuses on the concept where in 
human internal energy leads to healthy lifestyle. As it directly targets healing of human 
soul, it is sometimes categorized as spiritual exercise rather than considering it as 
medicinal practice. The Central Government's Siddha Research Unit, which is based in 
Chennai, India, has started running some clinical trials on certain Siddha medicines 
believed to treat disease including ulcer, hepatitis and many more. (Subramanian and 
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Madhavan, 1984). Unfortunately, it started on a very small scale and some serious 
scientific investigations still need to be made. 
 Unani 
Unani, also known as Greek medicine, is mainly associated with Hakim tradition which 
is very popular within the Islam community. It is believed that they practiced the very 
first form of traditional medicine and this knowledge was spread by Islam communities 
throughout the world (Abdelhamid et al., 2002). Along with use of basic principles, 
Unani physicians tried to study different atmospheric conditions, and as a result many 
new medicinal compositions were documented in the literature. During their migration 
to India, Unani medicines blended with Ayurveda concepts to design new forms of 
medicines with original Unani background and adaptation of Indian tradition to firmly 
established their roots on foreign territory (Ali, 1990). During medieval age, Unani 
hakims and their medicines names were used as a reference in European countries 
(Yesilada, 2011). Hakim Ibn Sina was most renowned physician who practiced Unani 
tradition and wrote five volumes of ‘The Canon of Medicine. This textbook is still used 
as a main reference by Unani physicians. (Mannan and Kahvic, 2010).   
 
Though Ayurvedic and Unani medicines both target the balance of human body, Unani 
is different from Ayurvedic tradition which is based on the concept of three doshas, 
while Unani followers believe that air, water, earth and fire – these four forms help to 
keep the balance of the human body and imbalance of any of these can cause disease. 
Unani emphasise four humors (blood, yellow bile, black bile, phlegm) and weather 
(cold, hot, dry, wet), too (Miraj and Kiani, 2016). Pakistan and other Islamic countries 
are followers of Unani as they have the highest population of Muslim community who 
still follow this tradition (Rafatullah and Alqasoumi, 2008). One of the most famous 
Unani commercial products is Rooh Afza (useful to maintain water balance in the body) 
manufacturing by company called Hamdard. This product is widely popular in India 
and Pakistan and available throughout the world. Mohammed Said, founder of 
Hamdard, had also started academic courses in Delhi, India and Karachi, Pakistan, 
which is actively involved in Unani medicines manufacturing. (Alter, 2008; Hayat and 
Naeem, 2014). 
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 Folk and Sowa-Rigpa 
Sowa- Rigpa, also known as ‘Art of healing’ or ‘Science of healing’, is one of the oldest 
traditions flourished in the pre-Buddhist era (Roberti et al., 2011). It is very popular in 
the Indian subcontinent including Tibet, Nepal and North India (Blaikie, 2013). In 
addition to the use of plant material and natural minerals, Sowa-Rigpa is based on 
different behavioral treatments lead by supernatural powers. There is a strong 
relationship between Buddhism ideals, medicines and astrology. A great combination of 
Sowa-Rigpa knowledge and modern drugs is beneficial for human health, though it 
requires proper documentation, in detailed research study and knowledge sharing 
(Lafitte, 2015). Sowa-Rigpa’s main principles are based on divinations which are not 
only limited to medicine knowledge but can also predict some of the future events in 
individual life. One of the most popular treatments within this Tibetan tradition is 
treating wounds by using pastes of plants and other minerals applied with specially 
prepared wraps (Chudakova, 2017). Sowa Riga believes in self-healing treatment to 
connect mind with body, which is said to keep balance in individual behavioral 
personality. 
1.3 Global herbal industry and chequered history of herbal products 
Synthetic drugs have been adopted worldwide, yet the majority of developing countries 
still rely on traditional herbal medicines. Over the past few decades, the herbal drugs 
industry has expanded in medical as well as economical aspects. In developed countries 
(US, Australia, Canada and Europe), herbal medicine turnover was around US$ 30 
billion in 2000, which has increased up to 15% in the last decade. US market has started 
adapting the majority of botanical products and from 1990 to 1997 (Eisenberg et al., 
1998) about 380% herbal usage has been recorded. India and China are emerging as 
leading exporters of herbal products for several countries including Germany, Hong 
Kong, Japan and USA. 
 
Within the last two decades the pharmaceutical industry has started to take more interest 
in developing plant-based drugs. Around 25% of prescriptions of US drugs contain 
plant as a key ingredient. In 1995, 119 drugs and in 1997 about 130 drugs were 
developed from plants and other natural products. As plant-based medicines demand is 
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increasing rapidly, it is predicted to rise by 30% over the next decade (Wilkinson, 
2000). The majority of these plant-based drugs are imported from China and India as 
they have enriched traditional medicine history in the form of Traditional Chinese 
Medicine (TCM) and Ayurveda respectively. Due to increasing demand of plant-based 
products, these countries are the largest supplier of plants, natural products and herbal 
medicines. In 2012, China and India exported herbal products worth US$1329.72 
million and US$ 790.56 million respectively. Apart from these two countries, there are 
many other countries including Japan, Malaysia and Indonesia also have their 
traditional medicine share in the international market (Nirmal et al., 2013). 
 
Plants have been used for medicinal purpose from the time civilisation started. The 
Chinese history records written during 2800 BC show references to herbal remedies. 
Since then, plant-based products had chequered history during last 5000 years or so. 
Recently due to some efficacy and side effect issues (including addiction, severe health 
issues, and even death) of synthetic drugs, herbal drugs market value has been increased 
as a natural and safe alternative for many diseases (Moss and Yuan, 2006). In the past, 
many diseases had been successfully treated by using herbal products. Due to open 
access system, all relevant scientific investigation data are now available. A number of 
scientific investigations have highlighted the importance and the contribution of many 
plant families including Liliaceae, Caesalpinaceae, Piperaceae and Asteraceae family 
plants. These medicinal plants are also useful to isolate active compounds to make new 
drug composition in pharmaceutical industry.       
 The Use of Medicinal Plants by Migrant People 
In Asia, Africa, Latin America and the middle east, around 90% people are still using 
plant-based medicines. In European countries, a large amount of population (100 
million) use complementary medicines in form of herbal therapy or other treatment. 
Some European countries, the majority of population use unconventional medicines 
over modern drugs (WHO, 2011). The herbal medicine market is growing at a good 
pace. Europe and Asia-Pacific are two fastest growing markets for herbal products 
where these products are sold as dietary supplements (WHO, 2013). 
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According to census calculation index in 2013, approximately 200 million humans 
migrate from their home countries. Over the past 50 years, the number of migrants has 
grown substantially. There were 79 million migrants reported in 1960, while in 2015 a 
200% increase has been reported when this number reached up to 250 million 
(International Organization for Migration, 2013). Literature indicates how these 
migrants brought plant medicine knowledge to new countries which affected therapeutic 
practice within migrated countries social groups (Pieroni et al., 2007). During the time 
when slavery was practiced, some Africans migrated to Brazil and as a result African 
traditional plants; Peperomia, Bauhinia, Kalanchoe and Vernonia were substituted by 
similar Brazilian plant genera (Voeks, 1990). One of very interesting aspect arose from 
study is how the whole migration process affect home-based medicines and how some 
drug ingredients are substituted when original plant species were not available on the 
new foreign land. Sometimes, rather than replacing an original plant species, migrants 
prefer to cultivate it in the foreign land (Suky, 2016). They stay in touch with their 
friends and relatives living in their homeland from where they could procure plant 
material along with interesting information regarding their medicinal properties 
(Volpato et al., 2009). There are various factors that affect how each medicinal plant fit 
into the new environment. In the absence of formal healthcare, people tend to accept 
alternative therapy more easily. Social relationship between natives and migrant people 
have played a vital role in spreading awareness of traditional herbal medicines. Along 
with all these factors, ease of the rules and regulations in a new country plays a key role 
in acceptance of herbal plants from other countries (Medeiros et al., 2012).      
1.3.1.1 Importance of Tulsi plant among Indian traditional medicine – a good 
example of people migrating with plants 
In Southern part of Asia, Tulsi (Ocimum tenuiflorum or Ocimum sanctum) plant is very 
popular within the Hindu community. Tulsi represents a good example of plant that has 
been moved from one country to another during migrations. The Hindu community 
highly believes in the healing properties of Tulsi and worships it as God. Tulsi has 
several health benefits and is used to treat illnesses including skin disease, diabetes and 
asthma. People prefer to keep this plant in their home and it is one of the widely grown 
traditional plant within the Hindu community. Tulsi seeds and plantlets were brought to 
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UK from India and Africa. People also prefer to use their contacts in native countries to 
imports dry plant material and seeds as Tulsi is difficult to be cultivated in climatic 
conditions of UK. A combination of religious values and medicinal properties makes 
Tulsi an outstanding plant species brought by migrant Indians in UK and other 
countries.  
  
Due to the tropical climate in India, the Tulsi plant is kept outdoors, in the courtyard, 
and worshiped daily at the time of sunrise and sunset. Generally, different species, dark 
(Shyam) and green (Ram) Tulsi types are found in Indian household (Kousik and 
Baldev, 2012). Along with worshiping this plant, they use it as an herbal medicine. 
There is very little literature available where this information documented (Sandhu and 
Heinrich, 2005). There is an interesting research carried out by Biomolecular 
Technology Group (BTG) (http://dmubtg.wixsite.com/dmubiomoltechgroup) where one 
of their research students collected valuable information from Hindu community in UK 
in the form of questionnaires. The study was designed in the form of series of question 
based interviews where participants were asked for a sample of their Tulsi plants along 
with some details including from where, when and how they got Tulsi plant, why they 
worship it, which plant parts are used as medicine, what knowledge they have acquired 
from their ancestors, whether they are aware of any interaction of synthetic drugs and so 
on. (Bhamra, 2016). The interviews helped to understand Hindu community’s 
perspective towards Tulsi, its religious value and health benefits. Social gatherings help 
to spread knowledge and benefits of Tulsi. This research revealed that Tulsi is one of 
the valuable traditional medicinal plants within Indian communities which has its own 
economic, cultural and medicinal importance which encourage people to keep Tulsi 
plant in their home.      
 Current status of Indian traditional medicinal plants standards 
Since last two decades, more attempts have been made to develop herbal medicine. The 
changes in drug analysis process and new efficacy standards improve the quality of 
modern herbal medicines. There are several plant species available which require 
suitable scientific evidences prior to their introduction to the herbal medicine business 
(Christenhusz & Byng, 2016). Tropical weather conditions are the source of a large 
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proportion of the world's recognized medicinal plants and therefore India is the largest 
supplier of medicinal plants (Seth & Sharma, 2004). Indian traditional medicinal 
knowledge has been accepted globally, now and standardizations process such as 
improved quality control can certainly increase their demand in future (Singh et al., 
2014). Due to massive changes in quality standards, herbal medicines are allowed in the 
majority of national pharmacopoeias (Sahoo et al., 2010). 
 
There are many Indian organisations including CSIR (Council of Scientific & Industrial 
Research), Ministry of AYUSH, IPC (Indian Pharmacopoeia Commission) and IIIM 
(Indian Institute of Integrative Medicine) that have started working in the direction of 
improving R&D facilities in India. They are also working towards the quality of herbal 
raw material so that better quality medicines can be manufactured in future (Rastogi et 
al., 2015).  The quality control guidelines for herbal drug manufacturing have been 
published by IPC in 2012 (Guidance Manual for Compliance of Indian Pharmacopoeia, 
2012) followed by the publication of herbal product monograph and 
phytopharmaceutical drugs in 2016 (Guidance Manual for Monographs Development of 
Herbs and Herbal Products including Phytopharmaceutical Drugs, 2016). 
 Regulation of Indian Herbals  
Ayurvedic medicines are widely used throughout the world, but predominantly by the 
Indian diaspora. (WHO, 2005). According to Ayurvedic textbooks, around 2000 plant 
species contain useful medicinal properties (Mukherjee and Wahile, 2006). Around 950 
plant species are used to make different Indian herbal medicines and their market is 
widely expanding. The plant- based medicine and research sectors require raw 
materials, as a result 70% Indian plant material is exported in the form of fresh/dry form 
to medicine products in other countries. Its net worth is around one million US dollars. 
Other 30% of exports are covered by natural plant extracts (Government of India, 2007-
2012).   
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1.4 Plant identification methods 
Biodiversity issues are rising rapidly due to several unwanted human activities such as 
growing population, overharvesting and pollution. (Murphy and Romanuk, 2014). 
Therefore, attempts need to be made to protect the plant species available on the planet 
Earth (Joly et al., 2014). As a part of this process, plant identification followed by 
classification into suitable groups (family, sub-family) is essential. The reasons for 
which plant identification is important are – identifying weed species, examine edible 
plants quality and checking toxicity level if that yield is using for animal feeding. Plant 
identification contains a series of processes where species characteristics are evaluated 
step by step. The identification of a completely unknown species collected from the 
field requires in depth botanical knowledge. Botanists and specifically plant 
taxonomists can do identification of plants efficiently compared to amateur plant 
identifiers (Schmid, et al., 1995). There are different ways to identify plants, 
morphologically and chemically.   
 Plant morphology 
Morphological identification is based on visible features of different plant parts 
including leaf shape, aroma, floral structure and fruit composition. The process of 
morphological identification needs to be followed precisely to narrow down the 
available options within a targeted family, genus or species. It is always helpful to 
examine multiple characters rather than rely on single factor to correctly identify the 
plant species (Molina, 1989).     
1.4.1.1 Cotyledon structure 
The plants are divided based on cotyledon structure which becomes the first leaf or 
leaves coming out from the seeds. If there is only one leaf appears from the seed, that 
plant is identified as monocotyledonous, while the plant having two leaves from the 
seed are known as dicotyledonous. In addition to this, there are several other 
characteristics need to be considered to classify plant as monocot or dicot. Monocot 
plants have parallel leaves veins and floral petals in the multiple of three, while dicots 
plants have netlike vein structure on the leaves and their petals are arranged in multiples 
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of four to five. The choice of weed killer is determined by identifying these 
characteristics. Some weed killing chemicals target monocot plants such as grass; while 
some target dicot family plants (Ogunmenwo, 2003). For example, 2,4-D is ineffective 
on most grassy weeds (monocots). This makes it useful in monocot crops, such as 
grains and turf. 
1.4.1.2 Leaf arrangement 
There are a number of leaves coming out from the stems nodes, one, two or more than 
two. Patterns can be identified as alternate, opposite or whorled pattern. Not only that, 
leaves can be single or compound. There is only one leaf present in single leaf 
arrangement, while compound leaves contain two subgroups – one known as pinnate 
where leaflets are arranged in opposite formation, while in a palmate structure, the leaf 
shape resembles a palm shape leaflet. Above all, leaves can also be divided into 
subgroups according to their shape. Shapes can be classed as oval, round, heart shape, 
pointed or sharp. Plants can also be identified based on leaf margin structure which can 
be smooth or toothy. Apart from this, how leaves attach to the stem can also be 
considered for identification purpose. Leaves can be attached to the stem with a short or 
long petiole, while sometimes the petiole is missing, and the leaf is directly attached to 
the stem. Alternatively, in some plants, the leaves are arranged in a whorl around the 
stem, which are known as clasping leaves (Ryder, 1954; Waldhoff and Parolin, 2011). 
Some of the leaf’s patterns can be seen in Figure 1-1. 
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Figure 1-1: Different leaf types:  Simple, palmate, palmately trifoliate, even palmately compound, odd 
palmately compound, bipinnately compound, simple leaf parallel venation 
(http://www.kswildflower.org/drawings.php?drawingID=13) 
1.4.1.3 Floral structure 
The flower arrangements within the plant kingdom are varied and play crucial part in 
the identification process (Figure 1-2). Moreover, flowers contain four successive 
whorls which help to narrow down the choices. When a flower is about to bloom and 
still in the form of a bud, sepal (collectively known as the calyx) protect the flower. 
Gradually when the bud develops into complete floral structures, petals (collectively 
known as the corolla) appear. They are attractive flower parts, can be varied in colour 
and shape. They invite insects for pollination. In some plant species, the sepals and 
petals cannot be differentiated and are known as ‘tepals’. The male reproductive parts 
present in the flower are known as stamens, which comprises different structures in the 
form of anthers (which contains the pollen) and filaments (which support the anthers). 
The pistil is the female reproductive part of flower. They contain stigma that receive 
pollen and style which connects the stigma to the ovary (Endress, 2001). Different 
characteristics such as shape, structure and number of plant parts play an important part 
in the plant identification process as plants of a same family generally have similar 
characteristics (Ronse, 2010). 
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Figure 1-2: Floral structure (a) Basic flower anatomy (Ref.: https://biology.tutorvista.com/plant-
kingdom/flower.html) and (b) The flower variation (Ref.: http://www.flowers-
gardens.net/gardens/structural-variations.html) 
1.4.1.4 Stem and root system 
Stem and root structure can also be included as a tool for morphological identification. 
Stem shape (straight, square, or cylinder) varies in structure. Sometimes different 
coloured spots are present on the stems (Gartner, 1995). Similarly, roots can also be 
divided into different groups. Some of them are described as taproots, which is a single, 
elongated and dominant root which holds the plant at one spot and is often used for 
storage of nutrients. Another type is known as the fibrous root system which collects 
nutrients from the soil and plays an important role in anchoring the plant. In some 
plants, rhizomes are also present on the roots (Kerk and Sussex, 2012). Ginger, carrot 
(Khaki et al., 2010) and turmeric (Hoppe, 2011) are well-known examples of tropical 
and subtropical rhizomes. 
1.4.1.5 Seed and fruit morphology 
In angiosperms seeds are enclosed within an ovary/fruit; while in gymnosperm, seeds 
are naked and present on the surface of leaves or scales. In some plants seed and fruit 
connate (united with each other). Plants can be divided in different categories by 
examining flower and seed types among which single fruit (develop from single 
flower), multiple fruit (arise from single flower but multiple pistils) and compound fruit 
(develop from multiple flowers with single pistil) are more common (Cappers and 
Bekker, 2013).       
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1.4.1.6 The Herbarium 
The herbarium is a study of collecting and preserving plant species for future reference 
where whole plant has been dried and pressed by using varieties of tools (Funk, 2003). 
There are several layers of cardboard sheets used to store these specimens in cupboard 
for long period of time in alphabetical order (Smith, 2017). The sheet order is decided 
based on similarities and differences within organisms where closely related and 
distantly related species are arranged accordingly. Apart from stems, roots, leaves and 
similar structures (which can be pressed under sheets), other parts including fruits, seeds 
are stored in preserving jars. This helps to maintain their original structure. Along with 
storing specimens, herbarium sheets also contain details of collection such as place, 
time and date. The herbarium sheet is an important tool in plant classification system 
which allows scientist to work on large number of species. While preparing herbarium 
sheets, plants are usually collected at the flourished stage (when flowers and fruits 
develop on plants). Herbarium sheets also contain details such as locality and place of 
origin of long-lost species which can be used for cultivation purpose. 
 The classification system 
Taxonomy helps to develop classification systems by understanding the evolutionary 
relationships between different species available on the planet. Swedish-born Carolus 
Linnaeus is considered to have started using this classification system after publishing 
his multi-volume book Systema naturae, where he described methods of identifying 
different species and introduce a naming scheme for the classification system (Hodacs, 
2010). Earlier, biologists used a very long and complicated naming system. Linnaeus 
introduced “Binomial” names for each species which contain two Latin names divided 
into two parts. He travelled all over the world to collect new plant species during his 
lifetime which helped him to expand his interest in Botany and especially in his 
classification system. Apart from naming plant species collected by him, he managed to 
name the species sent by other botanists around the world. Some of them came from 
newly explored regions of the world (Withgott, 2000; Reid, 2009). Linnaeus had mainly 
considered using plant reproductive structures for categorisation purposes, which is still 
considered as the main tool (Sentausa and Fournier, 2013). Some of the names given by 
him are still been used for plant species that shows the continuing relevance of his 
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system, which has become the major foundation to understand the complexity of nature 
(Simpson et al., 2010). 
 
During nomenclature, plants are arranged according to ranking system (Bremer, 2007). 
Even though this system was designed several years ago, past and modern classification 
systems are similar in many ways. The majority of taxonomists believed in tree system 
where genus present in one kingdom is millions of years apart from the genus in another 
kingdom due to differences evolved during development stages (Sangster, 2014). In the 
earlier years, living organisms divided into two kingdoms – The living organisms which 
were mobile and eat other organisms were placed in one group, while plants which 
cannot move and become food for other organisms were placed in different group. As 
scientific discoveries happened, classification systems took a better shape and more 
detailed categories have been added by studying the taxonomical characters of all 
organisms (Taylor, 1983, Nicolson, 2002). Now, the entire tree of life including plant, 
animals and other organisms are divided into different kingdoms which are still 
evolving as a part of natural evaluation process (Cavalier-Smith, 1981). 
 Chemical analysis 
As herbal products usage has widely increased during last decade, pharmaceutical 
sectors started implementing relevant chemical analysis techniques to check plant 
compound’s quality and efficacy standard. Various analytical techniques are used in 
drug composition sectors to check quality and adulteration of targeted plants. Different 
chemical analysis methods are mentioned in the majority of pharmacopoeias (Dejonghe 
and Russinova, 2014; Gavali et al., 2016).  
1.4.3.1 Chromatography 
Chromatography technique involves separation using two phases – mobile phase and 
stationary phase. There are several types of chromatography techniques available as per 
requirements. All the techniques work on same principle of separating a mixture of 
chemical substances into its individual components. The testing mixture is dissolved 
into the mobile phase which travels through the stationary phase to separate individual 
molecule from the sample mixture. The stationary phase (for example silica beads, 
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aluminium oxides, cellulose and various reverse phase column) allows molecules to 
pass through at a particular time. After injecting reaction mixture into the column, 
separate layers are visible in the form of different colours in TLC (Thin layer 
chromatography). Each molecule has different adhesion capacity with silica gel and as a 
result, passes through the stationary phase at different speed. The molecules that bind 
strongly with stationary phase tend to travel slower, while those that bind lossly, travel 
faster on the column. Scientists use different types of chromatographic techniques 
according to their requirements (Pesce et al., 1974). 
1.4.3.1.1 Thin layer chromatography 
In thin layer chromatography, glass plate is coated with a thin layer of silica gel used as 
stationary phase. The molecules which are more polar, stick to the plate for long period 
of time while non-polar molecules travel through the plate faster than the polar one. 
Each component is measured based on their retention time (Rt) which can be found in 
the literature. While identifying unknown chemicals, the targeted chemical Rt value is 
compared with the known chemicals. This value is calculated by dividing the travelling 
time of the target molecule by the travelling time of the total solvent (Hahn, 2006). TLC 
method is used to separate non-volatile mixtures. 
1.4.3.1.2 Paper chromatography 
Paper chromatographic technique, containing cellulose as stationary phase, is useful for 
separating coloured molecules, for example pigments. The separated molecules can 
easily be seen on white paper. Ideally concentrated sample mixture is put on the top of 
the paper with the help of capillary which then travel gradually on the paper dipped into 
the solvent. Water, ethanol are used as a solvent those act as a mobile phase while paper 
acts as a stationary phase (Pazdera, 1966). 
1.4.3.1.3 High Performance Liquid Chromatography 
HPLC technique has widely been used to identify, separate and quantify different 
component in the sample mixture. A column with chromatographic packing material is 
used as its stationary phase, while mobile phase is made up of liquid solvent. The 
sample mixture has been injected which pass through the chromatographic column with 
solvent mixture under pressure. When sample was injected, it gradually passes through 
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the column based on its retention time (Rf). There is some trial run carried out with 
different choices of solvent to get best result. (Töppner et al., 2014). 
1.4.3.1.4 High Performance Thin Layer Chromatography (HPTLC) 
High-performance thin-layer chromatography (HPTLC) is an enhanced form of thin-
layer chromatography. A number of enhancements can be made to the basic method of 
thin-layer chromatography to automate the different steps, to increase the resolution 
achieved and to allow more accurate quantitative measurements. High Performance 
Thin Layer chromatography technique is considered to be a more sensitive technique 
compared to the other chromatographic techniques which require less sample mixture. 
In addition to this, it gives sharp and accurate results. This technique has widely been 
used in pharmaceutical and other industrial sectors to find out the presence of 
adulterants even when present in very low amount. HPTLC is considered as an 
expensive technique amongst all other types of chromatography techniques, but the 
result quality is better and almost accurate by using very less sample material 
(Srivastava, 2011). It is based on TLC concept, though it allows more accurate semi-
quantitative measurements. The main advantages of using HPTLC for detection are 
scanning, automation, optimization, hypertension and less sample preparation. These 
features make HPTLC a powerful technique to identify molecules from sample mixture 
in pharmaceutical as well as research sectors. Some advance features such as modified 
chromatographic chambers and video scanner makes this technique the best alternative 
for traditional chromatographic methods including gas and liquid chromatography. This 
method can produce the results with more accuracy compar to other techniques 
(Sudberg, et al., 2010). 
 Plant DNA barcoding 
DNA barcoding is a useful tool in various sectors including specie identification where 
short genetic marker targets the organism’s DNA. Along with species identification, it 
can also be used in ecology to examine animal diet and to find out which plant species 
consumed by targeted animals (Erickson et al., 2017). Plant barcoding is a useful tool in 
forensic study when samples are degraded and have lost their main characteristics (Zaya 
and Ashley, 2012).  This system is quite similar to black and white bar-coding marker 
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system used in the retail operations. This method is not only used for identification 
purpose, but it is also used to clear taxonomical differences. Though, it is challenging to 
establish single DNA section in wide plant kingdom the way cytochrome oxidase 1 
(CO1) mitochondrial gene has been established in animals as core barcoding region. 
The search for a plant barcode has involved looking outwith the mitochondrial genome 
and from the outset many researchers have accepted that multiple markers will be 
required to obtain adequate species discrimination. Plant barcoding is the method of 
identifying unknown plant material at species level. Short DNA regions which are 
commonly present in the majority of species can be determined for selection process 
(Hebert et al., 2003). 
 
DNA barcoding process is started with collection of specimens which can be obtained 
from seed bank, open field or green house. Once suitable material is ready for DNA 
extraction, a tiny sample/tissue is used to carry out series of processes to extract DNA 
out of it. Once DNA has been successfully isolated, it will be amplified using PCR 
technique followed by sequencing. The DNA sequence is represented by four letters A 
(Adenine), C (Cytosine), T (Thymine) and G (Guanine). The resulting sequence is 
compared with available databases [For example, EMBL (European Bioinformatics 
Institute), GenBank (National Center for Biotechnology Information), NCBI (National 
Center for Biotechnology Information)] containing large amount of DNA sequence 
details. By comparing an unidentified sample with known sequences, species 
identification process has been successfully completed. This whole process has been 
illustrated in Figure 1-3 (Meier et al., 2008).  
  
 
Figure 1-3: DNA barcoding system for identification purpose (Chaudhary and Dahal, 2017) 
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There are various factors affecting the determination of plant barcode. In the past, 
numerous projects were designed to evaluate the different techniques used by scientist 
to design an advance identification of plant DNA barcoding. 
 Identifying single loci 
A single gene fragment (containing 400 and 800 base pairs), which can easily be 
identified in more than 200,000 plant species can become plant barcode region. It is 
difficult to target single loci region in whole plant kingdom as plant DNA is much more 
diverse than animal DNA and scientists accept that multiple marker genes are required 
for species discrimination. Plant DNA barcoding uses specific regions of DNA in order 
to identify different plant species. This can be divided into different combinations of 
markers including matK, trnH-psbA, and ITS. (Hollingsworth et al., 2009; Sgamma et 
al., 2017). The majority of groups (including the CBOL working group) agreed in 2009 
to have rbcL and matK as the two plant barcodes including trnH-psbA and ITS as a 
possible alternative (Seberg and Petersen, 2009; Howard et al., 2011). 
1.4.5.1 matK and rbcL (Maturase K and Ribulose-bisphosphate carboxylase) 
The two chloroplast regions recommended by the CBOL (Consortium for the Barcode 
of Life) are matK and rbcl (Hollingsworth, 2011). Li and his team (Li et al., 2011) 
recommended using matK and rbcL over trnH-psBA regions by proposing for Ferns 
barcodes. matK complements rbcL with its high sequence variation by providing two 
locus barcodes. In Figure 1-4, black and grey bars represent ORF (Open Reading 
Frame) of matK and rbcL respectively. Some of the relevant primer’s positions are 
represented by arrows on the ruler. 
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Figure 1-4: Representation of rbcL and matK gene structure (Ref.: 
https://www.researchgate.net/publication/223958346_Parentage_determination_of_Vanda_Miss_Jo
aquim_Orchidaceae_through_two_chloroplast_genes_rbcL_and_matK/figures?lo=1) 
 
1.4.5.2 ITS (Internal transcribed spacer) 
Apart from plastid regions, the internal transcribed spacers (ITS) region (Figure 1-5) 
from nuclear DNA would be desirable choice (Howard et al., 2008; Thomas, 2009; 
Chen et al., 2010). In some plant species, where plastid region has been highly degraded 
(For example, parasite plants), nrITS (Nuclear Ribosomal Internal Transcribed Spacer) 
region can be frequently used (Delannoy et al., 2011). Though, there are various reasons 
that do not allow nrITS to become unique region for plant barcoding purpose. Some of 
the reasons are: incomplete evolution history leads to different species identification 
(Möller, 2000), fungal contamination issues (Álvarez and Wendel, 2003), low success 
rate reported for PCR and poor sequencing result (Gonzalez et al., 2009). 
 
  
Figure 1-5: Structure of the ITS region (Ref.: 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0131185) 
1.4.5.3 Widely recognised regions of plant barcoding trnH-psbA (Intergenic 
Spacer Region) 
In the majority of plants species trnH-psbA is considered as barcode region (Figure 1-
6). It can easily discriminate the different plant species and leads to high success rate 
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during species differentiation (Shaw et al., 2007). The length of this region can vary 
from 100-1000 bp. An early termination of some sequencing reads and the repetitive 
nature of the region makes it difficult to align distantly related sequences. Though by 
designing new PCR reactions better and clear result outputs can be achieved (Fazekas et 
al., 2010). 
 
 
Figure 1-6: Chloroplast genome map showing candidate barcode regions (Howard, 2010) 
 
In this way, hunt for universal plant barcoding region is going on and scientists are 
unable to establish unique plant DNA region, yet. Though, plant barcoding proved to be 
an important tool for species identification, in forensic analysis and many other sectors. 
1.5 Modern trends in medicinal plants field 
The striking difference between traditional medicine and synthetic drug is that former 
contains plant mixture with several compounds together while later has isolated 
compounds. Herbal medicines contain a combination of pharmacologically active plant 
constituents that are claimed to work synergistically to produce an effect greater than 
the sum of the effects of the single constituents (Ernst et al., 2008). It has been proved 
that plant extraction mixture shows impressive activity on in vitro culture compare to 
isolated compounds in equal amount. Synthetic compounds, which are produced in 
industry or isolated from plants, are less effective as they hardly show same degree of 
activity compare to crude plant extract (Wagner and Ulrich, 2009). Scientist believes 
that an absence of interacting elements in modern drugs is responsible for this 
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phenomenon. Another disadvantage of using synthetic drugs is that they are expensive 
to produce and therefore unaffordable for poor people, comparatively medicinal plants 
can be grown anywhere and easily available. (Hirt and M'Pia, 2008).    
 
Along with acting as an active compound, these naturally occurring elements have also 
earned some popularity as enzymes (to catalyse the chemical reaction) involved in 
biological processes (Dörnenburg and Knorr, 1995). This attracts scientist’s attention to 
study these plant compounds related genes (Lee and Im, 2012; Gajendrarao et al., 
2010). Though, this has given rise to fear of bio piracy (a practice in which indigenous 
knowledge of nature, originating with indigenous peoples, is used by others for profit, 
without authorization or compensation to the indigenous people themselves). Bio-piracy 
is latest trend followed by some big companies to develop improved drugs. They started 
using develop countries traditional plant medicine knowledge to fulfil their motives and 
to earn huge profits. As a result, some Indian plants including Neem, turmeric, tea, 
tamarind are patented by foreign countries. Ideally money coming for these inventions 
is used to improve individual country’s infrastructure. Therefore, scientists have started 
sharing their research study through public domain which could prevent companies to 
patent it later. 
 
Bio-piracy issue gave rise to Convention on Biodiversity treaty and the Nagoya protocol 
in 2010 and was enforced in 2014. They work on access and benefit sharing issues of 
genetic resources available in developing countries. While using these genetic 
resources, benefits should be shared with the developing countries from where the 
species originally come from. 
 Combinatorial biosynthetic technology 
Earlier, synthetic drug production and manufacturing traditional herb remedies were 
two separate branches of medicine which divided communities in two groups – one who 
firmly believed in modern medicine and other preferred to apply their ancestor’s 
knowledge to treat diseases. In the new era, a mixed approach can be seen where 
pharmaceutical industries come out to seek new drug compositions from nature rather 
than relying entirely on industry perspective (Bhatia et al., 1975; Ngo et al., 2013). 
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Research institutes have started playing an important role as an intermediate step where 
targeted natural products are first tested according to laboratory protocols. Their 
efficacy and specificity are examined, and their characteristics can also be modified by 
using latest biotechnological tools, for example, gene study, pathways details, over 
expression and gene silencing. (Materi and Wishart, 2007). The difference between 
developing and developed countries is that the former relies on natural products in their 
original form while the later use the same compound in form of synthetic drug 
formation. Artemisia plant is an example to prove this fact. The Artemisia plant was 
used by Chinese people to treat malaria long before the Artemisinin drug was developed 
and started appearing on pharmacy shelves in US, Europe and Asia, (Ram et al., 2014). 
There are several medicinal plants available from which single or more molecules are 
extracted from plant. Rauwolfia serpentina, which is popular as a snake bite remedy, 
has been used to produce an antihypertensive agent (Singh et al., 2017); Cinchona plant 
species from the Amazon forest mainly used to treat illnesses including fever is being 
used to isolate ‘quinine’, a famous antimalarial compound (Uskoković and Grethe, 
1973); Ephedra sinica, an important ingredient in TCM, is used to produce the ephedra 
drug for asthma treatment. Though, as mentioned earlier, using plant is different from 
using single compound, as the plant has many more compounds present which may or 
may not be active. The remedies provide links for the discovery of new pharmaceuticals 
and the presence of these compounds in these remedies validates their traditional use. 
1.6 Plant and plant material used for the study 
As plant is divided into different tissues, only certain plant parts are used for DNA 
extraction and chemical analysis. Extraction process (both DNA and RNA) has mainly 
carried out from leaves (young or mature). Depending on plant parts and its usage, 
DNA extraction techniques and protocols can be designed accordingly (Vijay, 2012). 
Some old technique including Maceration and manual crushing are still being practiced 
by small units, while some groups prefer to use modified version of these techniques 
which is based on microwave, ultrasound and super-particle concept. During DNA 
extractions, material needs to be handled with care. Each of the plant tissue requires 
different treatment in the form of suitable chemicals and equipment combination (Li et 
al., 2013). For example, mangrove plants grow in harsh salt water and to avoid this 
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adverse condition a thick layer of some special secondary metabolites including 
polysaccharides, polyphenols chemicals are present within their plant tissues 
(Bandaranayake, 2002) which hinders DNA extraction procedure. There are several 
SOPs available in literature to get high yield of DNA without compromising DNA 
quality and to avoid contamination issues (Vongsak et al., 2013).  
 
For chemical analysis, certain plant parts are collected as some secondary metabolites 
are only present in particular plant organs. Along with deciding suitable plant parts, 
temperature and light factors also play an important role while collecting plant material 
to study secondary metabolites production for chemical analysis. 
 
The types of plant material used in this study were as follows: 
 Fresh samples 
Fresh plant material is fragile and can be dried easily. Therefore, researchers prefer to 
take some extra precautions while working with the fresh plant samples. As suggested 
by Sulaiman et al., DNA should be extracted from fresh plant tissues within three hours 
period after harvesting the plant (Sulaiman et al., 2011). Different chemicals and their 
quantity used for the extraction process, are also playing important part. 
Polysaccharides and metabolites level are relatively low in fresh young leaves (Jobes et 
al., 1995) and therefore fresh material considered to be more convenient for DNA 
extraction compare to old material. Due to high moisture content in fresh plant tissue, 
usage of chemicals during DNA extraction procedure can change compounds’ 
properties.  
 Dry sample 
Though the majority of protocols recommend using fresh plant material, dry material is 
also using to extract DNA in some cases when samples have to be transported from 
remote places, or when a plant is only available as herbarium sample. Dry material is 
more convenient material type to extract DNA. There are some protocols (For example, 
Qiagen plant DNA) available which can be used for all sample types by altering the few 
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conditions in beginning including dry samples. Even though, dry plant material is a 
valuable source of extracting DNA, DNA extracting out of such samples can be highly 
degraded which hindered the possibility of getting genetic information from an 
amplifiable DNA. This inability of DNA amplification leads to erroneous sequence 
information in the later stages. 
 Commercial products 
Apart from using fresh and dry plant material, there are plenty of other commercial 
products available in market where plant material has been added in different forms. 
Tablet, capsule, herbal juices, shampoo, tea bags are different commercial products 
from which DNA can be extracted and analyse DNA sample to check the presence of 
correct species, contamination and adulterant levels. As each of this product could be 
highly processed, they require different sample preparation (in the form of clean-up step 
to remove PCR inhibitors) (Kazi et al., 2013) before starting general DNA extraction 
process. For example, capsule and tea bags are more similar to dry plant material, but 
tablet (Chen et al., 2012) and juice (Bai et al., 2013) require protocol modification. In 
processed material, DNA is highly degraded which makes barcode region shorter than 
normal and as a result, special PCR test needs to be designed to identify this region 
during authentication process (Cheng et al., 2014). 
 Other plant DNA sources 
Within the last few decades, significance of different molecular techniques and as a 
result, preparation and storage of DNA samples has been increased. DNA extracted 
from the different tissues (chloroplast, mitochondria) can be stored for a long period of 
time with low cost maintenance facility (Datlof et al., 2017). Storing these samples by 
preparing in DNA banks in different parts of the world, DNA samples could easily be 
accessed in future for the majority of purpose such as conservation, training, 
distribution and different kind of molecular applications (Benson et al., 2000). The 
majority samples in DNA banks are extracted from fresh plant material, but when live 
specimens are not available DNA can be extracted from dry material or herbarium 
samples. (Hodkinson et al., 2007). The concentration and quality of samples in DNA 
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banks are generally higher, though it can be varied from species to species and person 
by person who extracted them. The majority of publishers insist submitting sequence 
details in public databases, but the sequence quality is entirely depending on individual 
researcher. Therefore, quantification process of DNA sample needs to be optimised 
before using them for further processes (Harris, 2003).   
 
DNA can be stored in well organised and temperature-controlled environment for 
several years and in some cases for decades without compromising with quality 
(Mashima et al., 2017). DNA banks are useful sample storage facilities which require 
low maintenance, minimum storage facility and can be shared by several researchers by 
using PCR techniques without repeating the extraction process (Gemeinholzer et al., 
2011). 
1.7 Secondary metabolites 
All plant-based chemicals are results of different metabolic pathways and they have 
different characteristics in each plant. Plant Metabolites are essential for plant metabolic 
process. Primary (that is directly involved in normal growth, development, and 
reproduction of the organism) and secondary metabolites (that is not directly involved 
in the normal growth, development, or reproduction of the organism) are produced in 
plants biosynthetically. The entire process involves a variety of enzymes which act on 
the substrates and as a result these metabolites have been produced. Secondary 
metabolites are produced from primary metabolites and they do not affect plant growth, 
development or reproduction stages directly. For example, phenylalanine acts as a 
primary metabolite which is responsible for the production of eugenol secondary 
metabolite. Here, phenylalanine is responsible for plant development, while eugenol is 
mainly being used in fragrance and therapeutic sectors (Ferrer et al., 2008).   
 
Plant’s family, genus and species can be classifed on the basis of these secondary 
metabolites group. Secondary metabolites have widely been used in pharmaceutical 
industry to produce some important drugs for human wellbeing, yet their actual function 
in plants, is still a mystery. Though some study reveals that due to their toxic nature, 
they protect plants against pathogens attack. Their production has been greatly been 
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increased while microorganisms started growing within plant cells. Some secondary 
metabolites relese certain smells which attract predators to kill the pathogens which are 
harmful for plant development (Taiz and Zeiger, 2006). Scientists are interested to know 
more about these plant molecules and therefore more secondary metabolites and related 
research projects are outlining and currently under process.             
 
The majority of Ocimum species have been widely studied for its different secondary 
metabolites present in their essential oils (Wink, 2000). Basil oils from different 
geographical origins have different features. The composition or quantity can be 
affected by development stages and other factors during the plant life cycle (Esfahani 
and Moradi, 2017). Alkaloids, nitrogenous organic compounds, are one of the major 
classes of secondary metabolites. The essential oils of Ocimum contain secondary 
metabolites in the form of eugenol, chavicol and their respective methyl derivatives: 
methyl eugenol (ME) and methyal chavicol (estragole) (Jirovetz et al., 2003; Viña and 
Murillo, 2003). Eugenol and ME have different properties; eugenol protects plants 
against herbivores (Obeng-Ofori and Reichmuth, 1997), while ME helps in fertilization 
process by attracting insects (Shukla and Prasad, 1985).  
 
Two chemotypes can be found in Ocimum tenuiflorum L. species known as ‘Ram’ 
(white) and ‘Shyam’ (black) Tulsi. These two chemotypes of Tulsi either have high or 
low ME:eugenol ratios. As ME is categorised as genotoxic carcinogen, it is important to 
ensure that the level of these compounds in herbal products fall below the regulatory 
thresholds (Schinle and Merfort, 2012). As per MHRA guideline, products containing 
ME have certain regulatory threshold levels limit, for example, maximum 0.01% in 
fragrance products, 0.0002% in oral cleaning agents, 0.004% in toiletries, 0.001% in 
skin cleanser and 0.002% in fragrant creams (SCCNFP, 2000; Health Canada, 2010). 
Urine drug screening of laboratory rodent (National Toxicology Program, 1983) showed 
different concentrations of ME hepatocytes, while eugenol was absent. Three high doses 
of ME per week for around 16 weeks triggered liver tumours in laboratory rodents 
within a year (Borchert et al., 1973; Miller et al., 1983; Wiseman et al., 1987). This 
high dose of ME was administered by gavage (Long and Jenner, 1963; NTP, 2000). It 
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would be useful to know more about the genetic determinants of ME levels as that could 
help to produce plants with a lower ME level (Smith, 2002).     
 
Secondary metabolites pathway steps have been studied in detail until the formation of 
phenylalanine (Manitto et al., 1974, 1975; Klischies et al., 1975; Senanayake et al., 
1977). The large numbers of secondary pathways are made up of the same recurring 
elements of a few basic reactions. As shown in figure 1-7, the activity of O-
methyltransferase genes is relevant as they act in the similarway but have different 
substrates specificities; eugenol O-methyltransferase (EOMT) and chavicol O-
methyltransferase (CVOMT) catalyse the formation of ME and estragole from eugenol 
and chavicol, respectively (Lewinsohn et al., 2000; Gang et al., 2001). 
 
 
Figure 1-7: Secondary metabolites pathway of Holy basil showing the formation of ME and estragole. 
Multiple formations are indicated by double arrows, EOMT and CVOMT are enzyme catalysed 
reactions indicated by single arrows (Gang et al., 2002) 
 Eugenol (C10H12O2) 
Eugenol is prominently present as an essential oil component of Syzygium aromaticum 
(cloves) and Ocimum plants especially in O. gratissimum (Anand et al., 2016). Eugenol 
is a part of the essential oil composition of many different plant species including 
Dicipelium cariophyllatum, Pimenta dioica and Croton zehntneri. It is a well-known 
compound in perfume and cosmetic sectors and is commonly used by dentists to 
alleviate toothache and other dental problems. Eugenol acts as an active biological agent 
in anaesthesia and to activate the central nervous system as well. (Ueda-Nakamura et 
al., 2006). 
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 Methyl eugenol (C11H14O2) 
Methyl eugenol is the methyl ether of Eugenol. Along with Ocimum plants, it is also 
present in bay leaves and processed rose oil. Due to strong smell characteristic it has 
been used as an aromatic agent in detergent, pesticides and perfume industries (Ghosh, 
2016). 
 Chavicol (C9H10O) 
Chavicol (also known as 4-allyl-phenol) characteristics show resemblance to eugenol 
which is present in basil, bay oil and betel oil. It contains benzene ring with propenyl 
and hydroxyl groups.        
 Methyl chavicol (C10H12O)   
Methyl chavicol, an aromatic, is mainly present in an essential oil of some plant species 
including Ocimum (Bouvier et al., 2008). This compound has several other names 
according to IUPAC: estragole, p-allylanisole, 1 allyl-4 methoxybenzene and chavicol 
methyl ether. Methyl chavicol is used in tomato sauce, perfumes, pharmaceutical 
products and some beverages. Due to vast usage of this chemical, now lots of research 
institutes and commercial companies are started taking interest in this plant compound 
(Martins et al., 2012).     
1.8 Lamiaceae family plants 
Lamiaceae or Labiatae family (also known as mint family) plants are aromatic and 
widely used for medicinal purposes. They are either herbs or shrubs, squarish hairy 
stem, tap -roots and glandular leaves with volatile oils. There are around 240 genera and 
about 7,500 species. Their leaves are mainly used for culinary purposes. Thyme 
(Thymus vulgaris), mint (Mentha), rosemary (Rosmarinus officinalis) and lavender 
(Lavandula) belong to this family. The phytochemicals and their phenyl derivatives are 
well known in the therapeutic world. Methanol, ethanol and chloroform solvents are 
used to extract secondary metabolites form plants (Pai, 2013). The majority of these 
plants are cultivated due to their aromatic characteristics and convenient cultivation 
process. Their leaves are accepted for edible purpose while seeds and stem-cuts are used 
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mainly for propagation (Raja, 2012).  The systematic position of this family plants are 
as follows: 
 
Division: Spermatophyta 
Sub-division: Angiospermae 
Class: Dicotyledone 
Sub-class: Gamopetalae 
Series: Bicarpellate 
Order: Lamiales 
Family: Lamiaceae 
1.8.1.1 Tulsi popularity within South Asian communities 
Ayurveda is based on a traditional medical system where Tulsi has special place for its 
medicinal and spiritual characteristics. This has been proved by scientific research, too. 
A study revealed that properties of Tulsi plant can address variety of human health 
problems (Kousik and Baldev, 2012). It can also protect human body against excessive 
chemical pollutants and help them to maintain their healthy conditions for long period 
of time. Some study suggests that using Tulsi plant keeps glucose (Suanarunsawat and 
Songsak, 2005) and cholesterol level (Suanarunsawat et al., 2009) in control and it can 
also act as an anti-depressant. Its antimicrobial activity suggests it can also be used for 
sanitising and preservation purpose. Growing Tulsi plants in household atmosphere 
shows the significance of this plant to protect environment against sever climate change 
and deprivation issues (Cohen, 2014). 
 
The genus Ocimum also belongs to this family and is widely used for culinary and 
medicinal purposes. This plant is widely spread in different parts of the world among 
which three different tropical regions of Asia, Africa and America are the main places 
of origin for the majority of Ocimum species (Paton et al., 1999). Crosspollination and 
certain environmental factors are responsible for differences in plant morphology and 
secondary metabolites production within Ocimum species. The largest number of 
Ocimum species are found in regions of Africa, though certain varieties are also found 
in the Indian continent as (Mishra et al., 2014). Taxonomists mainly consider 
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morphological characters while identifying different Ocimum species (Conn, 2014). 
However, very minor differences in morphology at the species level have created 
considerable confusion. Hence, chemical identification methods of the essential oils of 
Ocimum plants have been considered (Grayer et al., 1996). Though, chemical methods 
to identify particular species are also problematic as chemical compositions can be 
affected by various factors including storage, drying, extraction methods, temperature 
and light sensitivity (Simon et al., 1990). To overcome these difficulties, it has been 
recommended that chemical and morphological identification along with DNA 
barcoding methods should be used in parallel (Labra et al., 2004). Chowdhury and his 
colleagues carried out a comparison study on nine different Ocimum species in June, 
2017 by using all these three complementary methods and on the basis of this study they 
correctly identified and classified the nine existing species along with finding a new 
genotype of O. africanum (local name – ‘Lebu tulsi’ from West Bengal region, India) 
(Chowdhury et al., 2017). Its essential oil shows some interesting activity towards gram 
negative bacteria including E. coli (Tamokou et al., 2017). 
1.9 The genus Ocimum  
Ocimum (known as Tulsi or Holy basil), which belongs to the Lamiaceae family and the 
subfamily Nepetoideae, is an important plant in Hindu community as it is worshiped as 
a God in daily life and it is commonly known as ‘holy basil’ or ‘Tulsi’. Tulsi is also one 
of the prominent plants in the pharmaceutical and traditional medicinal sectors. It is a 
straight, hairy, sweet scented herb. All plant parts including leaves, stems contain useful 
medicinal properties.  Its reference is available in old text books as a ‘magical herb’ 
which is used regularly as a healing agent (Rastogi et al., 2015), mainly for colds and 
coughs (Simon et al., 1999; WHO, 2002). It is an important plant, producing high 
amount of aromatic oil through the trichomes found on the leaf and stem epidermis 
(Huchelmann et al., 2017). Above all, it is a well-known medicinal plant used 
extensively to produce a variety of plant-based drugs (Mahajan et al., 2013). 
 
Tulsi’s religious and medicinal status has been accepted in India since several 
generations. In the recent years, Tulsi’s imporatnce is now being accepted by other 
countries with scientific evidence. Scientists accept it as a potent drug agent which can 
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target a variety of diseases in the human body (Cohen, 2014). As stated in Ayurveda, 
there are three primary forces which are said to balance the human body – Vata, Kapha 
and Pitta. These forces are responsible for individual physical and mental health. 
Ayurveda study revealed that Tulsi can successfully balance the Kapha and Vata forms 
(Singh et al., 2010) and its daily consumption can lead to a long, healthy and stress-free 
life. Its different plant parts are useful to treat lots of illnesses including fever, malaria, 
insect or snack bite, headache, cancer, diabetes, asthma, uneasiness, diarrhea and many 
more (Mahajan et al., 2013; Pattanayak et al., 2010). Tulsi contains high levels of 
phenolic and antioxidant compounds. Thus, it has been proposed that it can protect the 
body’s cell organelles against unfavorable conditions. For example, during cancer 
treatment, it can stop DNA impairment and increase cell death by targeting tumor 
tissues (Siddique et al., 2007; Manikandan et al., 2008). The phenolic compounds can 
also help the system to successfully excrete unwanted and toxic chemicals by targeting 
cytochrome P450 enzymes (Rastogi et al., 2007). Researchers are implementing this 
property of Tulsi plant to against other harmful elements such as pollutants, heavy 
chemicals and pesticides. When experimental animals are exposed to heavy radiations 
and then treated with Tulsi plant extracts, result shows reduced numbers of free radicals 
in cell organelles along with repairing process of damaged tissues (Joseph et al., 2011; 
Reshma et al., 2012). It can also protect cells against high level of glucose and type 2 
diabetish symptoms (Kochhar et al., 2009; Singh et al., 2012).    
 Ocimum tenuiflorum L. 
Previously known as Ocimum sanctum, is abundant in nature compar to other Ocimum 
varieties. This plant is present in the majority of households of Indian community. It has 
mainly two varieties: Ram (with green leaves) and Shyam (with purple leaves) (Raja, 
2012). The stem is hairy, erect, branched, scented and around 30-60 cm tall (Figure 1-
8). Leaves are toothed, and flowers are purplish or white. Tulsi has been widely spread 
in whole world as a cultivated plant. It acts as a natural weed killer. According to 
Ayurveda, O. tenuiflorum contains some healing properties. Unani medicine also 
accepts its magical power and therefore it has legendary status within Indian 
subcontinent (Warrier, 1995). It is famous for its strong smell and sharp taste. Tulsi 
plant extracts, Tulsi tea or dry powder are using to cure range of illnesses including 
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headache, common cold and cough. Dry Tulsi leaves have also been used to keep 
insects away from stored grains (Biswas and Biswas, 2005). 
 
 
Figure 1-8: Ocimum tenuiflorum 
 
Tulsi contains variety of phytochemicals and some biologically active compounds. 
Their characteristics are different within each species and their production is affected by 
harvesting, storage and processing conditions. All these chemicals are either in seeds 
(fatty acids, sitosterol) or in leaves (euginal, eugenol, limatrol, carvacrol, estragole) 
(Kelm et al., 2000, Shishodia et al., 2003). Tulis’s full genome draft has been presented 
by Upadhyay and his team in 2015 (Upadhyay et al., 2015). They studied 
transcriptomes of both O. tenuiflorum subtypes, Ram and Shyam Tulsi types.   
 Ocimum basilicum 
   
O. basilicum is also known as ‘Sweet basil’ (Ronzón, 2012). Its leaves are widely used 
in culinary world and this is the most accepted edible Ocimum. It is almost impossible 
to identify wild and cultivated basil from its morphology which sometimes creates 
taxonomical confusion within the genus (Grayer et al., 1996; Lachowicz et al., 1997; 
Lawrence, 1988). Generally, plant is 35 cm tall with wide, smooth, 8cm long leaves. 
Flowers are white with purple or red tinged which is around 1 cm long (Figure 1-9). 
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Figure 1-9: Ocimum basilicum 
 
O. basilicum essential oil is trading in market containing some phytochemicals 
including methyl cinnamate, citral, eugenol and linalool. Their amount can be varied in 
different basil chemotypes. Simon and his colleagues studied different basil species 
morphology along with new basil cultivars. A new cultivar known as ‘Lemon basil’ or 
‘Sweet dan’ is the combination of all American basil which is fungi (fusarium) resistant, 
around 70 cm long and contains strong lemon smell. ‘Siam Queen’ is another example 
of new basil cultivar which has dark green leaves and attractive purple flowers (Simon 
et al., 1999). An extensive research carried out by Gang and his team on different basil 
phenylpropanoids including eugenol, ME, chavicol and estragole. They studied these 
secondary metabolites pathways steps and particularly two enzymes, EOMT and 
CVOMT, by using site directed mutagenesis (Gang et al., 2001 and Gang et al., 2002).   
 Ocimum gratissimum 
  
Ocimum gratissimum, which is also known as Vana, Verenda (Raja, 2012) or alfavaca 
(Silva, 2005), is mainly grown in warm-tropical regions. This is a perennial, woody 
shrub with simple or branched flowers. Its leaves are wide, dark green, contains 
aromatic odour and bitter in taste (Figure 1-10). Tannin, terpenoid and alkaloid 
phytochemical compounds are present in O. gratissimum leaf extract (Gupta et al., 
2011). The plant parts of this species are used to treat variety of illness including snack 
bites, fever, cough, pneumonia and some skin disease. O. gratissimum plant extract 
shows some antifungal activities as well (Silva, 2005). 
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Figure 1-10: Ocimum gratissimum 
 
There are some of the major compounds including eugenol, cirsimaritin are presence in 
O. gratissimum essential oil (Vieira et al., 2001). This finding regarding eugenol 
production within O. gratissimum is later supported by Anand and his team (Anand et 
al., 2016) where they carried out parallel study with different Ocimum species among 
which the majority of eugenol production has been observed in O. gratissimum 
varieties.  
 Other Ocimum species 
 
Apart from these three major Ocimum species, there are plenty of other species growing 
in different environment conditions: O. citriodorum, O. klimandscharicum, O. selloi, O. 
americanum and so on. Each of these species has diverse chemical compositions due to 
different genotypes. The common usage of these varieties is to extract an essential oil 
which plays an important part in medical world as a therapeutic agent (Pandey, 2014).  
1.10 Phylogenetic inference: concepts and methods 
Phylogeny information is illustrated as a tree or branch structure with the help of 
nucleotide or protein sequences. Earlier only evolutionary, ancestry or taxonomy fields 
were using this tool, but now it is highly popular in number of other sectors including 
molecular biology, plant biotechnology and bioinformatics. Along with the wide spread 
use of sequence analysis, phylogenetic study become main tool to identify relevant 
species family along with inter-species relationship (Choudhuri, 2014). 
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During tree formation branches represents roots relations with different species present 
at the tip of each branch. Based on this roots and branches relationship, species 
identification and specially its evolutionary history details can be recognised easily 
(Silvertown et al., 2006). When tree shows more than two root lines, first line shows 
common ancestors for all species included in study while all lines afterwards illustrate 
the majority of common ancestor for selected species. In other words, species can be 
more related to each other if they have a common ancestor and vice versa. It is difficult 
to establish any relationship between species having different ancestors as branch does 
not show any time-period during phylogenetic tree formation (Swenson, 2011). The 
physiological, chemical and morphological charasteristics are helpful to build 
phylogenetic tree. These characteristics can either be ancestral, coming from same 
ancestor or evolve gradually over many generations (Choudhuri, 2014). Big variances 
can be seen among less related species while closely related species show fewer 
differences. 
 
1.11 Research aims and objectives 
India is one of the largest suppliers of medicinal plants to the world. Officially around 
3,000 medicinal plants are documented lawfully, yet practitioners are believed to use 
more than 6000 plants species for medicinal purpose (Sai, 2010). There are various 
databases available that classify medicinal plants in different categories for different 
remedies. Knowledge and collaboration projects of different traditional system could 
certainly bring astonishing results and prove beneficial for humankind. Foundations for 
Revitalisation of Local Health Traditions (FRLHT) hosts a database containing 
botanical and vernacular names along with authenticate images of each plant species. 
They try to classify and distribute all the plant species in different traditional systems. 
 
Initially the aim of this project was to use a rational approach to determine the best 
target plant from the list of interested traditional Indian plant species (Figure 1-11) with 
outstanding medicinal properties.   
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Figure 1-11: An overview of beginning of the research project containing Indian Traditional Medicinal 
plant list 
 
While studying selected Indian traditional medicinal plants characteristic, Tulsi was one 
of the prominent plant with the subject of numerous therapeutic and pharmacological 
applications within several scientific studies. Tulsi has various pharmacological actions 
including antimicrobial, immunomodulatory, adaptogenic, antidiabetic, anticancer and 
many more. Tulsi leaves are commonly used plant parts known to have several 
bioactive compounds including eugenol, linalool, ursolic acid and 1,8-cineole. Eugenol 
is the major compound present in Tulsi varieties though each of cultivar contains 
different amount of eugenol produced in their glandular trichomes. Recently, eugenol 
has been acquired attention as antidiabetic molecule, though Tulsi phytochemical 
composition is very complex which depend on different factors. Along with eugenol, 
there are some other phenylpropanoids including methyl eugenol, estragole, rosmarinic 
acid are also present in Tulsi’s essential oil (Jamshidi and Cohen, 2017).  These 
phenylpropanoids have different characteristics that are different from eugenol and 
other compounds. As Tulsi contains diverse secondary metabolites compositions, out of 
all other selected Indian traditional medicinal plants, it has been chosen as main plant 
for this research study.        
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Based on above findings, previous related research articles have been studied to get 
more details about secondary metabolites presence in Tulsi’s essential oil. Tulsi plants 
are characterised by high levels of essential oils containing eugenol, methyl eugenol and 
estragole (methyl chavicol). Two chemotypes of Tulsi have been distinguished, based 
on high or low methyl eugenol:eugenol ratios (Schinle et al., 2014). As methyl eugenol 
and methyl chavicol are classed as genotoxic carcinogens, it is important to ensure that 
the levels of these compounds in herbal products fall below the regulatory thresholds. 
The levels of methyl eugenol in O. tenuiflorum are generally higher than in other 
Ocimum species. The conversion of eugenol to methyl eugenol is catalysed by eugenol 
O-methyltransferase (EOMT). EOMT gene sequences have been isolated from a range 
of Ocimum species and from different chemotypes of O. tenuiflorum. Analyses of 
EOMT genomic and cDNA sequences revealed a 843 bp open reading frame and the 
presence of a 90-104 bp intron (Gang et al., 2001; Gang et al., 2002; Renu et al., 2014).   
 
Based on these literature studies, full length EOMT cDNAs were prepared from O. 
tenuiflorum, O. gratissimum and O. basilicum plants and used for bacterial 
transformation.  The levels of 4 secondary metabolites (eugenol, methyl eugenol, 
chavicol and methyl chavicol (estragole) in these three species were also determined by 
HPLC results. The long-term aim was to determine the effect of EOMT transgenes on 
the levels of these metabolites and to fulfill that purpose four binary vectors were 
prepared for future plant transformation work. In brief, the aim of this research work is 
to determine the genetic basis of high and low levels of ME in different chemotypes of 
O. tenuiflorum (holy basil or Tulsi). The key objectives for this work are divided in to 
two major parts. 
 Explore the occurrence of DNA sequence polymorphisms within the key 
biosynthetic genes for ME and estragole pathway 
The main aim of this project is to increase understanding of the genetic basis of species 
variation in the profiles of medicinally significant secondary metabolites such as 
eugenol, ME, chavicol and estragole. 
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 Determining the effect of genetic differences on enzyme activity and 
substrate specificity 
Bacterial transformation tool was explored to study the production of relevant proteins. 
This was determined the effect of genetic differences in protein sequences on enzyme 
activity. 
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2 General materials and methods 
This chapter outlines the common materials and methods used throughout the project. 
Specific protocol details will be described later in the thesis in relevant chapters. 
2.1 Plant Material collection and storage 
 Ocimum 
Fresh plants, twigs and seeds of different Ocimum species were donated by members of 
the Hindu community from the UK (from several locations across UK including 
Leicester, Preston, Milton keynes and London time to time), Egypt (in July’14) and 
India (from state Gujarat in Jan’15). Some seeds were also obtained from online seed 
suppliers; Jungle Seeds (www.jungleseeds.co.uk) and Chiltern Seeds 
(https://www.chilternseeds.co.uk/). Dry powder and plant material collected by a 
previous De Montfort University PhD student were also used for this study (Bhamra, 
2016). Fresh basil plants and seeds were collected from Sithonia, Greece (in Sep’16). 
Samples of home grown Tulsi plants were collected from members of local 
communities. Seeds and plant material from a range of Ocimum species and chemotypes 
were provided by Professor Peter Nick, Karlsruhe Institute of Technology, and Dr Eike 
Reich, CAMAG, Switzerland. 
 Arabidopsis    
Arabidopsis seeds: N1092 – Columbia wild type (Col-O), N502373 – Columbia wild 
type with T-DNA insertion (OMT) and N646526 – OMT mutant type were obtained 
from the Nottingham Arabidopsis Stock Centre (NASC). 
 Prior procedure on samples before extracting DNA 
Samples were obtained either as a fresh or dry material and they were further processed 
in the lab to homogenise the tissue. Dry samples were stored in control environment 
until crushed using a TissueLyser II (Qiagen Inc., Germantown, MD, USA) and 
tungsten beads. The crushed material was used for DNA extraction as described in 
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section 2.3. Fresh samples were crushed with the help of lysis buffer and 4μl RNase A. 
Samples of fresh material were stored at −80◦C after harvesting.  
2.2 Seed germination 
Ocimum and Arabidopsis seeds were sown using different techniques, but the seeds 
surface sterilization process performed was the same. The seed surface was sterilised 
with a combination of 20% SAVLON Antiseptic Cream (GlaxoSmithKline Consumer 
Healthcare - UK) and few drops of TWEEN 20. Seeds were soaked in this solution for 
10-15 mins followed by 3-4 wash using double distilled water (DDW). 
2.2.1.1 Filter paper germination 
Petri dishes with damp filter paper (Whatman® qualitative filter paper) were used for 
small size seed germination. All tools used were previously sterilised with 20% Virkon 
or 10% bleach. Each dish was labelled with the seed’s name, number and date on which 
they sown. The paper was soaked with DDW and seeds were placed on the paper. Seeds 
were spread evenly. Petri dishes were secured with parafilm which prevents the 
evaporation of water whilst allowing gas permeability. Dishes were kept at 24-26◦C. 
Germination time was recorded. 
2.2.1.2 MS medium germination 
A combination (in amount for 1 liter solution) of 4.3g MS medium (Cat. No. - MD154, 
Phygenera®), 6g (0.6%) agar (Agar No. 4 Plant Tissue Culture Grade Product Code: 
MC029, Lab MTM), 30g (3%) sugar (Cat. No. - S0389, Sigma Sucrose) and DDW was 
autoclaved and poured in petri dishes. Surface sterilise seeds were placed on this solid 
medium and dishes were secured with parafilm. The same medium placed in magenta 
jars was used to grow plantlets after germination. 
2.3 Genomic DNA extraction 
Genomic DNA was extracted from either 100 mg of fresh material or 20 mg of dry 
material using the DNeasy Plant Mini Kit (Qiagen Inc., Germantown, MD, USA) 
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following the manufacturers’ guidelines. Dry material was homogenised with a 
TissueLyser II (Qiagen Inc., Germantown, MD, USA) using a tungsten bead placed in a 
round-ended microcentrifuge tube (30Hz for 1 min). 
 
Fresh plant samples were first manually disrupted to a fine powder in liquid nitrogen 
with a mortar and pestle. A lysis solution comprising 4μl 100 mg/ml RNase and 400μl 
of AP1 buffer (lysis buffer) was added to the sample and all remaining steps were 
carried out as described in the Qiagen DNeasy Plant Mini protocol (DNeasy® Plant 
Handbook pp22-25, Qiagen, 2012). At the final step, 100μl of buffer AE was added to 
the DNeasy spin column membrane. It was incubated at room temperature for 5 minutes 
followed by centrifugation at 8000 rpm for one minute. This step has been repeated to 
prepare three DNA aliquots for short-term storage at 4°C (100μl), medium-term storage 
at -20°C (50μl) and long-term storage at -80°C (50μl). DNA quality and quantity were 
checked with the NanoDropTM ND-1000 Spectrophotometer (Thermo Scientific). 
2.4 RNA extraction and cDNA synthesis 
The RNeasy Plant Mini Kit (Qiagen Inc., Germantown, MD, USA) was used to extract 
RNA, following the manufacturers’ guidelines, from fresh Ocimum plant samples 
grown in the De Montfort University greenhouse.  
 
RNA quality and quantity were checked with the NanoDropTM ND-1000 
Spectrophotometer (Thermo Scientific) and 1-2 µg of total RNA was run on a 1% w/v 
agarose gel (with 1X TBE buffer at 90 voltage for 30 mins). Genomic DNA was 
removed with a TURBO DNA-free™ Kit (Thermo Scientific - Catalog number:  
AM1907) followed by a PCR run with the specific primers: Renu EOMT-F and Renu 
EOMT-R, (see Table 2-1), to prove the absence of DNA contamination. As this primer 
is OMT gene specific, negative PCR result shows an absence of genomic DNA and 
clean RNA product. PCR was performed as described in section 2.5 and PCR products 
were visualised on gel as described in section 0. 
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Bioline SensiFAST cDNA synthesis kit (Bioline SensiFAST cDNA synthesis kit, Cat. 
No., BIO-65053) was used to synthesise cDNA from 3 μg of total RNA following the 
manufacturer’s guidelines.  
2.5 Polymerase Chain Reaction (PCR) 
The standard PCR master mix contained the following components: MyTaq Red mix 
(2x, Bioline), 0.2 µM of each forward and reverse primer, DNA template (typically 2μl 
of plant genomic DNA extraction, 1μl of cDNA synthesis reaction or 1μl from a touch 
of a single bacterial colony dispensed in 50μl DDW), made up to a total volume of 
either 10, 20 or 50 µl with DDW.  
 
The amplification consisted of an initial denaturation at 94°C for 2 min, followed by 30-
40 cycles (as specified) of denaturation at 94°C for 30 s, annealing (at specified 
temperature) for 30 s, and extension at 72°C for 45 s per kb of expected product. A 
further 2 minutes of extension at 72°C was carried out at the end of the cycles. Primer 
sequences, annealing temperatures and expected product sizes are presented in Table 2-
1. 
 Primer design 
Table 2-1: Primers used in the study 
 
Primer Name Sequence (5’-3’) Annealing temp. Product size 
trnH CGCGCATGGTGGATTCACAATCC Touchdown temperature begin at 58°C, 
reduce by 1°C per cycle until 48°C 
500 bp 
psbA GTTATGCATGAACGTAATGCTC  
Renu EOMT-F TGTCGACAGAGCAACTTCTT 55°C 843 bp 
Renu EOMT-R GGATAAGCCTCTATGAGAGACC  
Int-F ACGACATGTGGGAGGTCAAT 53°C 204 bp 
Int-R GCCGAGCATGGGTAGATTTT  
EOMT-F-1 ATGGCATTGCAAAAAGTAGA 52.6°C 1074 bp 
CVOMT-F-1 ATGGCATTGCAAAATATGGA  
OMT-R-1074 TTAAGGATAAGCCTCTATGAG  
pET_EOMT-F AAAAAAGCTAGCATGGCATTGCAAAAAGTA Initial 5 cycles of denaturation at 48°C 
followed by 30 cycles of denaturation 
at 58°C 
1102 bp 
pET_CVOMT-F AAAAAAGCTAGCATGGCATTGCAAAATATG  
pET_OMT-R TTTTTTGAATTCTTAAGGATAAGCCTCTAT  
Att_EOMT-F GGGGACAAGTTTGTACAAAAAAGCAGGCTA
AAAAATGGCATTGCAAAAAGTAGATATTT 
60°C 1146 bp 
Att_CVOMT-F GGGGACAAGTTTGTACAAAAAAGCAGGCTA
AAAAATGGCATTGCAAAATATGGATATTT 
 
Att_OMT-R GGGGACCACTTTGTACAAGAAAGCTGGGTTT
AAGGATAAGCCTCTATGAGAGAC 
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2.6 Gel Electrophoresis 
Gel electrophoresis was used to separate DNA bands based on their sizes. PCR 
products, cDNA and plasmids were loaded on a 2% (w/v) agarose gels prepared with 1x 
TBE buffer (made up of 10.8 g Tris base, 5.5 g Boric acid and 0.584 g EDTA for 1 litre) 
with 2μL SYBRsafe™ DNA stain (Invitrogen, Cat. No. - S33102 SYBR™ Safe DNA 
Gel Stain). 
RNA was checked by running 1μl of each sample on a 1% (w/v) Agarose gel prepared 
with 1x TAE buffer and 2μL SYBRsafe™.  
 
Loading buffer (Bioline - 5x Loading Buffer Red BIO – 37068) was used when 
necessary. 
A DNA ladder (Bioline Cat. No. - BIO-33045 EasyLadder 1) used to determine the size 
of DNA fragments. Electrophoresis was carried out at 90V for 25-30 minutes in general 
(voltage and time limit were changed according to expected product size).  Agarose gels 
were then analysed with a Gel Doc™ EZ Gel Documentation System (BioRad, Oxford, 
UK). 
2.7 Isopropanol Clean Up 
Further DNA clean-up was performed when PCR reactions gave negative results using 
universal primers such as the trnH-psbA barcode primers. DNA, usually 50μl, was 
mixed with 35μl of chilled isopropanol and centrifuge at 11,000 rpm for half an hour at 
4°C. The supernatant was discarded, and pellet was re-suspended in 200μl of 70% cold 
ethanol. The sample was then centrifuged at 11,000 rpm for 10 mins at room 
temperature. The resulting supernatant was discarded, and the tube was kept open for 
half an hour to let the ethanol evaporate. The resulting pellet was then dissolved in 50μl 
TE buffer (from Qiagen DNeasy Plant Mini Kit) and used in PCR reactions as described 
in section 2.5. 
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2.8 Purification of PCR products from gels 
If multiple bands were detected after electrophoresis, the correct size bands were cut 
from gels and purified using a QIAquick Gel Extraction Kit (QIAGEN, Cat. No. 28704) 
following the manufacturer’s guidelines. Purified products were eluted in 30 µl of 
DDW. 
2.9 PCR purification 
PCR purification used as an alternative to gel purification technique when only one 
band was detected on the gel. Samples were purified by using Qiagen PCR purification 
kit (Cat No./ID: 28104, QIAquick PCR Purification Kit). The purified product was 
collected in elution buffer, the quality of sample was quantified using nanodrop and 
analysed by running on the gel with the help of loading buffer. The samples were either 
sent for sequencing or used in other steps.   
2.10 Bioinformatics tools     
Positive 50ul PCR reactions were sent for DNA sequencing to Macrogen 
(http://foreign.macrogen.com/eng/) in The Netherlands. The result output comes in 
Sanger sequencing form along with GC% and trace data. Chromatograms where 
analysed and edited using CLC Bio Main Workbench (Workbench 7) 
(https://www.qiagenbioinformatics.com/products/clc-main-workbench/).  
 
DNA sequences were trimmed, and different reads of the same template were 
assembled into contigs using the default settings in the CLC platform. Where necessary, 
contigs were created by relaxing the stringency of the settings and/or using a reference 
sequence. Consensus DNA sequences were aligned, and the correct reading frame was 
converted into an amino acid (AA) sequence. 
  
NCBI BLAST tool was used to analyse the experiment results and to find reference 
sequences for nucleotides (BLASTn – Nucleotide BLAST) and AA sequences 
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(BLASTp – Protein BLAST) using the default settings. MegaBlast search tool was used 
for quick DNA search. 
 
An algorithm (for example UPGMA), multiple alignment programs (for example T-
Coffee) and visualisation apps (for example Jalview) were used to prepare phylogenetic 
tree.     
 Gel Purification 
While running restriction enzyme products (both vector and Gene of Interest (GOI), 
identification of correct size bands is absolute necessary. This can be done by using a 
suitable DNA ladder marker. Along with running PCR products, uncut genes and 
plasmids can also be run alongside as a control. Use of wide toothed combs and 
skipping alternate wells are troubleshooting options to see the product more clearly on 
the gel. 1 volume of DNA loading buffer (Bioline - 5x Loading Buffer Red BIO – 
37068) was added to four volumes of sample for easy recognition.      
 
Around 50μl of each PCR product was run and visible bands were cut from gel. The 
purification of each band was carried out by using the QIAquick Gel Extraction Kit 
(QIAGEN, Cat. No. 28704). The final product was collected in 30μl of double distilled 
water and DNA concentration was checked by Nanodrop instrument. 
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3 Authentication 
3.1 Introduction 
There is a huge market for medicinal plants which are used for pharmaceutical products 
and herbal medicines. Due to an increase in the demand for these plants, it is difficult to 
achieve accurate and rapid authentication of actual plant species in trade and their 
adulterants. Hence, a powerful and practical tool is required for identification of correct 
plant species as well as their adulterants for ensuring safety of herbal medicinal 
products at the scale of international trade. 
 
Plant identity can be confirmed by a number of tests within the industrial as well as the 
research environment. Both macroscopical and microscopical features are examined at 
the first stage of morphological identification (Sahoo and Manchikanti, 2010). During 
second stage of testing, a range of analytical chemistry methods are employed. 
Pharmacopoeia and monograph recommend using TLC (Thin Layer Chromatography) 
technique as one of the standard analytical methods. This technique’s standard can be 
further improved by the development of HPTLC method. Though, chemical markers 
used for identification purpose have been found in similar plant species within the same 
genus (Booker, et al., 2016). DNA barcoding method is intended to be complementary 
to current chemical and morphological identification tests. DNA barcoding has been 
applied to the identification of plant specimens among herbal drug products within the 
industrial quality control sector (Sgamma et al., 2017). An industrial approval of this 
DNA based identification method has been gradually accepted by regulatory standards 
and monographs as well. Along with identifying medicinal plants, DNA-based methods 
are also useful for herbal products authentication. Recent reviews have highlighted the 
importance of the DNA barcoding methods for the medicinal plant industry (de Boer et 
al., 2015; Mishra et al., 2016). 
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 DNA barcoding 
Morphological identification is an ancient and traditional method for species 
determination. This kind of identification depends on the subject experts but sometimes 
even experts encounter specimens that are difficult to identify. DNA barcoding offers an 
alternative approach to this problem. This is an easy and convenient method for species 
level identification. DNA barcoding is a combination of taxonomy, genetics and 
bioinformatics that helps not only to identify unknown species, but it is also used to tell 
species apart as it acts as a unique identifier for individual species (Hebert, 2003). DNA 
barcodes are short regions (between 400 and 800bp) that can be easily sequenced for 
each species (Savolainen et al., 2005). An increasing number of standard sequences, 
uploaded by scientists from all around the world, are available in online databases such 
as GenBank and BOLD, to which sequences from unidentified samples can be matched.  
  
The DNA barcoding region must contain similarity and variability at the same time. The 
similar region is required for the use of universal primers, while variable region is 
useful to be able to distinguish between species (Rai et al., 2012). The Plant DNA has 
been mainly stored in the mitochondria, chloroplast and nucleus regions. Cox1 (C 
oxidase gene) from mitochondria, matk-rbcl, trnH-psbA from chloroplast and ITS (The 
internal transcribed spacer) from nucleus are used as DNA barcoding markers in the 
plants. Though due to its low level of sequence variation, Cox1 region is ineffective for 
authentication of plants.  
 
CBOL (The Consortium for the Barcode of Life group) is an international group 
dedicated to supporting the development of DNA barcoding.  Initially various 
combinations of plastid markers were proposed (rpoC1+rpoB+matK or 
rpoC1+matK+trnH-psbA; atpF-H+psbK-I+matK and rbcL+trnH-psbA) as the plant 
barcode (Chase et al., 2007; Kress and Erickson, 2007). Eventually, the matK and rbcL 
regions from the plastid genome were selected as “core barcodes” for plants 
(Hollingsworth, 2011). Along with these two chloroplast coding regions, one non-
coding chloroplast region, trnH-psbA, has also been identified as an efficient option for 
sequencing (Vassou et al., 2015). Short length, interspecific variation and good priming 
sites, make trnH-psbA a strong candidate for barcoding (Kress et al., 2005; Howard, 
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2010). Having once been discounted, the nuclear Internal Transcribed Spacer (ITS) 
region was again shown to be an effective barcode (Chen et al., 2010) as it has evolved 
quickly and is useful to determine interspecies as well as intraspecies relationships 
(Cullings and Vogler, 1998). Though the CBOL group has only approved the ITS 
region as a supplementary barcode due to some of its limitations (CBOL Plant Working 
Group, 2009). It is difficult to amplify ITS regions due to development of secondary 
structure which results in poor sequence quality. Low PCR success and multiple copy 
numbers have also raised some concerns. In cases where plants contain fungal 
endophytes, identification can be challenging with ITS alone as ITS is the most 
commonly used region in fungal identification (Álvarez and Wendel, 2003). All these 
factors have reduced the efficiency of ITS region (Kress et al., 2005). For these reasons 
the ITS region was not selected by CBOL as a core plant barcode.  
 
In this way, there has been a considerable discussion about the choice of DNA 
barcoding region. The use of one or more regions as plant barcodes is of proven value in 
the molecular biology world, although the idea of selecting one region which fulfils the 
requirements for all plants appears unattainable. Henceforth, selecting the most 
appropriate region on a case by case basis is much more effective rather than selecting 
single region for entire plant kingdom. 
 Advantage of using DNA based identification techniques 
The production of herbal medicines requires raw material from medicinal plants. As the 
usage of plant based medicines has become widespread, the importance of developing 
the plant identification methods by which genuine raw materials can be identified, has 
increased, too (Kazi et al., 2013). Morphological identification techniques cannot be 
used on processed plant material and as a result new or additional techniques are 
urgently required in the industry (Poornima, 2010; Newmaster et al., 2013). Traditional 
methods of species identification require scarce professional knowledge while chemical 
profiling techniques are unable to provide effective results if the material is affected due 
to poor storage conditions, physicochemical reactions or is from a closely related 
species.  
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DNA authentication has several advantages over morphological and chemical 
techniques. Plant morphological features can be changed or degraded due to processing, 
harvesting and storage techniques (McCutcheon, 2002), while DNA barcoding is not 
restricted by these factors. Phytochemistry is expected to vary between young and 
mature plant material, while DNA analysis is not affected by plant age (Kazi et al., 
2013). Moreover, DNA is stable compared with other molecules and it can be stored for 
long periods of time. 
 
DNA barcoding is an advanced and robust technique for species identification. The 
main advantage of using this technique is that DNA analysis can be done at any stage 
without the influence of plant organs and developmental stages. Along with fresh plant; 
dried, powdered or extract forms of plant material can also be used to extract DNA from 
original plants or processed products (Novak et al., 2007). Once a DNA extraction has 
been completed only a small proportion of this is required for barcoding purposes and 
the rest can be stored for long periods of time (Howard, 2010). The samples can be 
identified by using short DNA sequences called DNA barcodes. The barcoding method 
is used to identify different species along with intraspecies relationships (Hebert, 2003). 
Nuclear and chloroplast regions are mainly used as plant DNA barcodes.  
 DNA test introduction into the British Pharmacopoeia 
DNA Based Identification Techniques for Herbal Drugs were introduced in 2016 as a 
new Appendix method in the British Pharmacopoeia (British Pharmacopoeia Appendix 
XI V, 2017) (Sgamma et al., 2017). This DNA based molecular identification is 
applicable to any investigation. DNA extraction, PCR, gel electrophoresis and DNA 
sequence analysis are general process steps of DNA barcoding method. The second 
section of supplementary chapter (British Pharmacopoeia Supplementary Chapter SC 
VII D, 2017) has illustrated the steps that are relevant to the monograph species. Along 
with providing a reference sequence for each subject, information is given out on 
requirement of DNA purification and usage of PCR primers. 
 
The first case study of this identification method was O. tenuiflorum. At the first point, 
sample description, their analysis and how they are traded in the UK market, were 
70 
 
elaborated. This was based on industrial production processes and measurement of 
specific chemical formula for allopathic pharmaceutical drugs. As herbal drugs are 
assessed in their ‘raw’ form, their sample size and variety are more important. Later, 
during barcode region selection process, 5 regions were assessed to ascertain which was 
most efficient at distinguishing the commercial samples containing different Ocimum 
species. Among all these regions, trnH-psbA sequencing results could successfully 
discriminate among closely related Ocimum species. These results are also supported by 
published literature (Christina and Annamalai, 2014). 
 
Holy basil (O. tenuiflorum L.) herbal drug material, used for BP project, were tested by 
DNA extraction, purification and amplification methods. Later, this reference O. 
tenuiflorum sequence was published which can be used to identify closely related 
species which contaminate Holy Basil herbal material. The same structure and method 
that was designed and implemented for Holy Basil material, can be used with different 
species as a model for high quality molecular characterisation. This data was generated 
by using DNA based identification method, has been merged along with the results of 
morphological and chemical analysis to ensure that only genuine details from good 
quality samples be used to produce the benchmark in the British Pharmacopoeia 
(Sgamma et al., 2017). 
 Authentication of different Ocimum species 
Different Ocimum plant species have different levels of eugenol, ME (methyl eugenol) 
compounds and therefore it is important to authenticate each species prior to initiate an 
investigation of these secondary metabolites. After authenticating Tulsi samples using 
DNA barcoding region, an identification of targeted secondary metabolites from 
different Ocimum species was initiated. Phenylpropanoids including eugenol, chavicol 
and their methyl derivatives are the major secondary metabolites within the Ocimum 
genus. There is very limited information available regarding relevant enzymes, pathway 
steps and how these secondary metabolites levels are modulated in different Ocimum 
species. Anand et al., (2016) have studied different secondary metabolites levels within 
O. basilicum, O. tenuiflorum and O. gratissimum. Henceforth, after authenticating 
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unknown sample as Ocimum, certain phenylpropanoids (eugenol, ME, chavicol and 
estragole) identification was the next important and crucial step for this project.     
 High Performance Thin Layer Chromatography (HPTLC) 
Analysis of new drugs, pharmaceuticals and natural compounds have required different 
tools in all the stages of drug discovery. High-performance thin layer chromatography 
(HPTLC) is one of these techniques which has widely been used in the pharmaceutical 
world. This technique is based on the principles of thin layer chromatography. HPTLC 
is an advanced form of TLC which provides more precise and accurate data. It also 
supports postmarket surveillance (Sweedler, 2002). The use of high-quality TLC plates 
and stationary phase accompanied with finer particle sizes allow better resolution 
(Reich and Schibli, 2005). The repeat development of the plate allows improved 
separation of results and a lower limit of detection. 
 
The majority of modern pharmaceutical analysis techniques have expensive instruments 
and time-consuming applications. HPTLC has managed to overcome some of these 
problems. It has many advantages including minimum sample preparation, selective 
detection principle, automation and full optimization enable it to be an influential 
technique to get chromatographic details of natural products, pharmaceuticals and food 
stuff as well.   
3.1.5.1 Chemovar identification through HPTLC  
Natural variation occurs within plant species and can affect the phytochemical profile of 
the medicinal material. These differences can become stabilised, and subsequently result 
in the presence of ‘chemotypes’ within a plant species.  Although these plants are from 
the same species, a ‘chemotype’ is a sub type within that species which represents 
particular chemical characteristics which can be identified via HPTLC methods. The 
characteristic profiles called ‘fingerprints’ are useful for identification as well as for 
quality control. For instance, chemtypes may result due to the different geographic 
locations in which a plant was grown. Traditional herbal medicine authenticity and 
quality can be checked through this chromatographic fingerprinting technique. Along 
with quality control, combination of other techniques including DNA authentication and 
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determining the identity of components in a mixture, can become an important tool in 
herbal drug manufacturing sectors (Choudhary and Sekhon, 2011). HPTLC has gained 
popularity as one of the ideal TLC techniques to study secondary metabolites levels in 
different plant species and chemotypes.  
 
Two different cultivars of O. tenuiflorum, “Ram” and “Shyam” Tulsi are used in 
Ayurvedic, Sidhha and other traditional medicinal systems for treatment of malaria, 
bronchitis and other disorders. Their essential oils are reported as an insecticidal, 
antioxidant and antimicrobial agents (Pandey et al., 2014). The composition of these 
essential oils varies due to genetic and environmental factors which influence the 
genetic expression of Ocimum plant.  
 
HPTLC analysis of Ocimum tenuiflorum materials has indicated the production of either 
eugenol rich or ME rich essential oils (Grover and Rao, 1977). The HPTLC test was 
performed to investigate the relation between their essential oils and types of 
fingerprints. Both chemotypes were distinguished and Type 1 samples were identified 
as ME type essential oil, while Type 2 samples were identified as eugenol type essential 
oil (Figure 3-1) (Schinle et al., 2014). 
 
 
Figure 3-1: Essential oil fingerprint of 10 samples of Holy basil.  
Adapted from Schinle et al., 2014. The HPTLC plate differentiate between ME and eugenol type 
flavonoids in different O. tenuiflorum chemotypes. 
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 DNA authentication of different Ocimum species 
As different Ocimum species are morphologically very similar, they can be easily 
misidentified and could have harmful therapeutic effect while using them for medicinal 
purpose. To overcome this issue, DNA barcodes were used to validate some Ocimum 
species. Out of all (matK, rbcL and trnH-psbA) barcodes used to differentiate between 
Ocimum species, trnH-psbA was the best region to identify O. tenuiflorum species 
(Christina and Annamalai, 2014). In recent studies, trnH-psbA and ITS were used to 
differentiate between O. tenuiflorum and O. gratissimum among which trnH-psbA proved 
to be competent for PCR and sequence analysis (Bhamra, 2016).  
 Steps required for DNA barcoding 
DNA extraction, PCR, checking PCR product on gel followed by sequencing and 
bioinformatics analysis are essential steps in DNA barcoding. 
3.1.7.1 DNA extraction 
The first stage of DNA extraction protocol is to disrupt the cell or nuclear membrane. 
Many commercial techniques suggest starting the extraction processes by crushing the 
plant material with liquid nitrogen to avoid DNA degradation. This macerating releases 
the DNA from the cell, and the cell walls and membranes are later collected in 
precipitation form along with the removal of primary metabolites including 
polysaccharides and proteins. Afterwards, DNA quality can be measured by using the 
ultraviolet absorption, diphenylamine reaction or fluorescence staining methods (Li, et 
al., 2014). Readymade DNA extraction kits are flexible and can achieve high quality 
and yield of DNA compared to traditional DNA extraction techniques (Xin and Chen, 
2006). 
3.1.7.2 PCR of trnH-psbA region 
PCR is a widely used molecular biology technique which can amplify the specific 
segment of DNA. This can generate thousands copies of selected DNA sequences. 
Denaturation, annealing and extension are the three main steps of the PCR process. The 
74 
 
trnH-psbA is the prominent region used throughout this project for authentication which 
successfully identified unknown Ocimum species. The PCR method has efficiently 
identified closely related species of Ocimum (O. tenuiflorum, O. gratissimum, O. 
basilicum). This technique is also useful to identify different species from the DNA 
samples mixture. Along with identifying different species, this technique can also be 
used to find adulterants. This is an extremely useful technique in industry sector for 
species level identification (Bhamra et al., 2015). 
3.1.7.3 Gel electrophoresis 
Gel electrophoresis technique is used for isolation and separation of DNA fragments 
according to their size when current applied. As DNA carries a negative charge, 
fragments move towards the positive electrode when a current is applied to an agarose 
gel. Afterwards these separated, different size fragments are observed with the help of 
SYBR safe stain under UV rays.  
 
The positive PCR samples, which were confirmed by gel electrophoresis were sent for 
sequencing. 
3.1.7.4 Sequencing 
DNA sequencing is the method to determine the position of four nucleotide bases 
(Adenine (A), guanine (G), cytosine (C), and thymine (T) on DNA strands. Previously 
only ‘Sanger Sequencing’ was in practice which is still hugely popular, though ‘Next 
Generation Sequencing’ has been speedily overtaking this method. Sanger sequencing 
yields a limited amount of data while NGS can build up a very huge library out of just a 
single sequencing run. 
3.1.7.4.1 Sanger sequencing 
Fred Sanger and his colleagues developed this method which can sequence a fairly-long 
(around 900 bp) DNA fragment (Roe, 2014). Each of the fragments contained florescent 
labels which is the indication of sequencing termination processes. This technique is 
similar to the PCR reaction where multiple copies of a targeted DNA fragment are 
obtained, though it also contains dideoxy nucleotides which terminate the DNA 
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replication reaction. As each of these Dideoxy bases lack one hydroxyl group, as soon 
as they attached to the fragment no further bases can be added. By differently labelling 
dideoxy nucleotides with fluorophores relevant to their base (A, C, G or T), the signal 
can be interpreted to ascertain the base at each terminal residue. The reaction is 
optimised such that each base position is represented by a ‘terminated’ amplicon, each 
differing in length by one base.  A long narrow gel matrix known as ‘Capillary Gel 
Electrophoresis’ separates these amplicons by size, and the fluorescent label attached to 
each is identified using a laser. These signals are then worked into an electropherogram, 
plotting elution time against fluorescent signal, which is then transformed into a base 
call at each residue. 
3.1.7.4.2 Contig preparation 
The process of assembling DNA sequences contains several steps including – trimming 
(process of removing ambiguous or poor quality sequence part), overlapping multiple 
DNA sequences to produce contigs (which represent a consensus region of DNA) and 
developing a consensus sequence using all of the data. It is reliable to use multiple and 
good quality reads to prepare contigs. Generally, forward and reverse reads are used to 
produce a reliable contig.  Before using this consensus sequence as the reference DNA 
sequence, the conflicts need to be resolved. Taq polymerase enzyme used during PCR 
reaction, has low error rate. These errors are significantly important while working on 
large-scale cloning projects (Cline, 1996; McInerney et al., 2014). By using more than 
one sequence read, this error rate can be accounted for allowing a reliable consensus 
sequence to be generated for a targeted region.  
3.1.7.4.3 Sequence alignment   
Alignment is one of the most commonly used tools in the bioinformatics world (Liu and 
Warnow, 2014). Any sequence data including DNA, AA, protein, genes, primers, 
promoters can be aligned together to find similarity and differences within sequences. 
This helps to understand structural, functional and evolutionary relationships of 
sequences included in alignment. Along with sequence analysis, alignment tool can also 
be used to study published, experiments and genomic data for comparison purposes.  
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3.1.7.4.4 BLAST search 
The consensus sequence created by assembling multiple sequence reads was used to 
identify unknown samples collected throughout the investigation. The Basic Local 
Alignment Search Tool (BLAST) was used to investigate all of these sequences and to 
confirm the identity of the species. The species identification has been carried out on the 
basis of a 100% match to the reference sequence. 
 
This chapter illustrates the use of DNA barcoding to authenticate Ocimum species. The 
materials and techniques used are described in next section. 
3.2 Materials and methods 
 Plant Sample materials 
There are a number of different types of plant samples used for this study which can be 
mainly divided into two categories (Table 3-1): 
• Home grown materials - The project started with three different Tulsi samples, 
which had not had their botanical identity confirmed. Fresh plants, twigs and 
seeds of different Ocimum species were donated by members of the Hindu 
community from the UK, India and Egypt. 
• Basil varieties from Greece – Dr Tiziana Sgamma found some local basil varies 
(Table 3-1) during her trip to Greece. DNA was extracted from these for 
authentication purposes and their seeds were used for tissue culture process. 
Table 3-1: Plant sample details including DNA extraction no., sample details and source 
information 
DNA extraction No. Sample details Source details  
1089 Ram 
Home grown materials 1090 Shaym 
1091 Vrinda 
   
1314 BASIL - Ornamental 1 
Sithonia, Greece  
1315 BASIL - Ornamental 2 
1316 BASIL - Evergreen 
1317 BASIL - Dry specimens 
1318 BASIL - Baillicum 1 
1319 BASIL - Baillicum 2 
77 
 
 DNA samples 
Apart from plant samples, some DNA vouchered specimens were used to identify 
EOMT region from previously authenticated Ocimum DNA samples. 
  
• The CAMAG (with HPTLC information about the chemovars) – HPTLC test 
carried out by CAMAG (Schinle et al., 2014) to identify Tulsi from other 
Lamiaceae family plants along with chemical differentiation of two chemotypes 
(green and black) of O. tenuiflorum. The two chemotypes are characterised by 
high levels of eugenol or methyl eugenol. 
• Kew samples – The DNA samples, obtained from the Royal Botanic Gardens 
Kew - DNA bank, were also included in this study. 
• BTG Bank samples – The previous BTG research student collected a wide range 
of Ocimum samples (Bhamra, 2016). These authenticated samples were used to 
identify EOMT gene for this project. 
• Vouchered specimens – Some vouchered species specimens from Karlsruhe 
botanic garden were further analysed for this project.  
Please find below details of these samples in Table 3-2: 
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Table 3-2: DNA sample details including sample no. sample reference no. (along with chemotypes 
details – Type1 or Type 2) and source information 
Sample No. Labels Sample Ref. No.  Source 
V86 
O. tenuiflorum 
S9890 
CAMAG 
  S9891 (Type 2) 
V87 S9892 (Type 2) 
  S9893 (Type 2) 
  S9888 (Type 2) 
V88 S10031 (Type 1) 
  S10032 (Type 1) 
  S10035 
V89 S10034 (Type 1) 
  S9891 
V90 S10038 
V91 S10042 
V92 S10527 
V93 S10528 
V94 S10529 
V95 S12200 
V96 S12201 
V97 S12202 
V98 S12203 
V99 S12609 
        
C81 O. gratissimum 1138 
Kew Garden 
C82 O. selloi  1583 
C84 O. tenuiflorum 9937 
C85 O. americanum  9939 
    
B05 O. tenuiflorum  437 
BTG Bank samples 
B13 O. tenuiflorum 461 
B15 O. tenuiflorum 491 
B16 O. basilicum  493 
    
G26 O. tenuiflorum 8256 
Karlsruhe Institute of Technology, Germany 
G27 O. tenuiflorum 8257 
G28 O. africanum 7537 
G29 O. tenuiflorum 5748 
G30 O. gratissimum 5749 
G31 O. kilimandscharicum 7810 
G32 O. gratissimum 8109 
G33 O. tenuiflorum 8258 
G34 O. basilicum 5192 
G35 O. carnosum 7564 
G36 O. tenuiflorum 5751 
G37 O. tenuiflorum 8097 
G38 O. tenuiflorum 8098 
G39 O. tenuiflorum 8099 
 
3.2.2.1 DNA samples - further processing 
Some vouchered DNA samples obtained from London (CAMAG, NIBSC) and 
Germany (Prof. Dr. Peter Nick, the Molecular Cell Biology Unit, Karlsruhe Institute of 
Technology) were directly used for PCR with selected primers, though some of them 
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required clean-up/dilution to overcome lower concentration and contamination issues. 
(See Table 3-3 for more details).      
Table 3-3: Biomolecular Technology Group Ocimum Samples 
Species Sample source Sample type Clean-up 
O. tenuiflorum 
Local community, 
Pukka, Germany, 
Kew and NIBSC 
Fresh plant material, 
dry powder, vouchered 
DNA samples 
58 
O. gratissimum Fresh plant material, 
vouchered DNA 
samples 
2 
O. basillium Fresh plant material, 
vouchered DNA 
samples 
1 
O. selloi Vouchered DNA 
samples 
No clean 
up 
required 
O. americanum Vouchered DNA 
samples 
2 
O. citriodorum Vouchered DNA 
samples 
No clean 
up 
required 
O. kilimandscharicum Vouchered DNA 
samples 
No clean 
up 
required 
O. carnosum Vouchered DNA 
samples 
1 
 
3.2.2.2 Sample collection 
Fresh Ocimum plants were collected from the local Hindu community in Leicester. 
After detailed conversation with South Asian people, three different Tulsi varieties – 
‘Ram’, ‘Shyam’ and ‘Vrinda’ were collected. They were later used for the first round of 
DNA extractions. There were a variety of samples collected for this project and their 
details are available in this chapter. As shown in figure 3-2, three different varieties of 
Ocimum were grown in the green house to check species variations and to compare 
them with a large collection of Tulsi DNAs at Biomolecular Technology Group’s 
database. Two different types of seeds (from Gujarat, India) and cutting (from Egypt) 
were donated by members of the Hindu community in Leicester. Two different seeds 
were used in this study- one called Shyam or Krishna Tulsi which is dark purplish in 
colour, while another one known as Ram Tulsi which is light green in colour. The third 
Vrinda variety has wide leaves in comparison to the other two. This one was grown 
from a cutting was more robust than the other plants. 
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Figure 3-2: Three different Ocimum varieties (A) Ram (light green in colour) (B) Shyam or 
Krishna (dark purplish in colour) and (C) Vrinda variety (grows in natural surroundings 
without cultivation or care)   
 DNA isolation 
DNA extractions were carried out according to Qiagen DNeasy Plant Mini Kit protocol 
for collected plant samples. 
Fresh plant material was used for DNA extraction. 0.02 g dry plant sample (fresh samples 
kept aside for 1week time) was mixed with 400μL Buffer AP1 and 4μl RNase A and a 
3mm tungsten carbide bead. By using the TissueLyser Adapter set, this plant sample was 
crushed completely in two steps by reversing the position of tubes in each step for 1min 
at 30 Hz. 
The protocol instructions were followed from 3rd step of incubation at 65°C for 10 mins. 
Remaining steps were then followed to get the total volume of 200μL by doing two 
elution steps of 100μL.  
3.2.3.1 trnH-psbA Barcode primers 
This universal primer pair requires a specifically designed PCR rraction called 
‘Touchdown Program’. For trnH-psbA primer pair, a range of annealing temperatures 
were set, starting from higher than primer’s Tm (the annealing temperature) temperature 
which was then gradually reduced by 1oC per cycle. Once the temperature was reached 
at the lowest level, normal PCR cycles were carried out.    
 
trnH 5′-CGCGCATGGTGGATTCACAATCC-3′ 
 psbA 5′-GTTATGCATGAACGTAATGCTC-3′ 
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 PCR to test DNA extractions and Plant barcoding 
PCR reactions consisted of MyTaq Red Mix (2x), relevant primers (0.1µM each) and 
template DNA (0.4µL) made up to a final volume 10µL with nuclease free water in 0.2mL 
polypropylene tubes.  All reactions were carried out in G-Storm GS1 Thermal Cycler and 
MJ Research PTC-200 Thermal Cycler. PCR programme details are included in Table 3-
4. 
Table 3-4: PCR programme for trnH-psbA primer pair 
 
 
 
 
 
 
 
 
 
Thermocycling programme for trnH-psbA is different from other PCR programs 
(Fazekas et al., 2008). A touchdown PCR cycling was used from 58°C to 48°C where 
temperature is reduced by 1°C at each step.  
 
Reactions without DNA template were utilised as controls. PCR products were run on 
2% (w/v) agarose gels in 0.5 X TBE buffer with 2μL SYBRsafe™ (Invitrogen, Carlsbad, 
CA, USA) DNA stain at 90V for 25 minutes and analysed with Gel Doc EZ system. 
3.2.4.1 DNA clean up 
The DNA clean-ups conducted on fresh Ocimum samples due to unsuccessful PCR 
amplification at first stage. An SOP (Standard Operating Procedure) steps of the 
isopropanol clean-up method can be seen in section 2.7. The isopropanol clean-up DNA 
samples were further diluted with double distilled water in 1:10 amount before conducting 
PCR. 
Primer PCR programme 
trnH  
psbA 
5min at 95°C initial denaturation 
step, 35 cycles consisting of 1min 
at 95°C, 30s at touchdown 
temperature and 1min at 72°C, 
final extension period of 7min at 
72°C. Touchdown temperature 
began at 58°C, reduced by 1°C per 
cycle until 48°C, then continued at 
48°C for the remainder of the 
programme. 
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 Sample sequencing 
The PCR samples which gave positive gel electrophoresis results, were sent for 
sequencing. The Sanger sequencing services provided by an external sequencing 
company called Macrogen (The Netherlands) was selected to obtain results. The result 
details contained sequence trace, GC% and the sequence length were later analysed in 
detail for identification purpose. These results were also used to construct a reference 
database. 
3.2.5.1 Sequence analysis 
The CLC main workbench was used to analyse the data where a series of processes 
including multiple DNA sequences assembly, trimming, overlapping sequences to 
produce consensus sequence (contig preparation) and alignment were carried out to 
determine the species identity. Further details about sequence analysis could be earlier 
in this chapter. 
 
The BLAST (The Basic Local Alignment Search Tool) search tool 
(http://blast.ncbi.nlm.nih.gov) was used to compare the query DNA sequences with 
reference DNA barcodes included in databases, for identification purpose. BOLD 
(http://www.boldsystems.org) and Genbank (http://www.ncbi.nlm.nih.gov/genbank/) 
were used to get reference Ocimum sequences. These reference sequences were later 
compared with the query sequences in CLC software. 
3.3 Result 
 Gel electrophoresis: trnH-psbA region 
Home grown Tulsi samples which were mainly characterised in three groups – Ram 
(DNA extraction no. - 1089), Shyam (DNA extraction no. – 1090) and Vrinda (DNA 
extraction no. – 1091) were further examined by using trnH-psbA primer pair. As 
shown in figure 3-3, DNA samples were used in different forms – normal (Lane 1, 2 
and 3), isopropanol washed (Lane 4, 5 and 6) and diluted (1:10) samples (Lane 7, 8 and 
9) where isopropanol washed samples work better than remaining samples.  
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Figure 3-3: trnH-psbA PCR of Ram sample (1, 4 and 7), Shyam sample (2, 5 and 8) and Vrinda sample 
(3, 6 and 9). Genomic (G) DNA extractions – Lane 1, Ram sample; Lane 2, Shyam sample and Lane 3, 
Vrinda sample. Isopropanol (I) washed DNA extractions – Lane 4, Ram sample; Lane 5, Shyam sample 
and Lane 6, Vrinda sample. Isopropanol washed and diluted [I (1:10)] extractions – Lane 7, Ram 
sample; Lane 8, Shyam sample and Lane 9, Vrinda sample.  
 
Basil samples collected from Greece (Table 3-1), were also authenticated by using 
trnH-psbA primer pair where relevant region presence was confirmed through PCR 
reaction as shown in figure 3-4. The band can be seen the positive control and lanes 1 
(DNA extraction no. – 1314), lane 2 (DNA extraction no. – 1315), lane 3 (DNA 
extraction no. – 1316), lane 5 (where more than one band present) (DNA extraction no. 
– 1318) and lane 6 (DNA extraction no. – 1319); while no band was present in lane 4 
(DNA extraction no. – 1317) and the negative control. The expected product sizes 
(~550 bp) are present in the gel picture. 
    
 
Figure 3-4: trnH-psbA PCR for Basil DNA extractions. (+), positive control; Lane 1, BASIL - Ornamental 1 
sample; Lane 2, BASIL - Ornamental 2; Lane 3, BASIL – Evergreen; Lane 4, BASIL - Dry specimens; Lane 
5, BASIL - Basillicum 1; Lane 6, BASIL - Basillicum 2, (-), negative control.   
 DNA authentication of unknown Tulsi samples 
The following sections contain the details regarding how unknown Tulsi samples were 
analysed using trnH-psbA barcoding region.  
3.3.2.1 Sequence analysis of trnH-psbA region 
~500 bp 
G I I (1:10)  
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Out of several collected samples, the majority were identified as Ram or Shyam types 
while very few were identified as Vrinda Tulsi type. The successfully amplified trnH-
psbA sequences were used to prepare contigs and consensus sequences after resolving 
conflicts (Figure 3-5). 
 
 
Figure 3-5: Electropherograms of trnH-psbA sequences of three Tulsi types. (a) Ram Tulsi (b) Shyam 
Tulsi and (c) Vrinda Tulsi.      
 
The consensus sequence was prepared by assembling both (trnH-psbA) reads and were 
used to identify the unknown Tulsi samples collected throughout the investigation. The 
identification of the samples was confirmed by entering and comparing their sequences 
into BLAST with other sequences in the database.      
3.3.2.2 The BLAST search  
A BLAST search (http://blast.ncbi.nlm.nih.gov/) was conducted on the sequence to 
observe the closeness of the sequence identity and similarity from the NCBI database.  
 
As shown in Figure 3-6, Ram and Shyam consensus sequences were very similar to O. 
tenuiflorum sequences, while Vrinda consensus sequence was similar to O. gratissimum 
reference sequences. To confirm their identity, these samples sequences were further 
aligned with the known reference sequences in the database.      
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Figure 3-6: BLAST search results showed percentage similarity of Ram, Shyam and Vrinda samples. (a) 
and (b) Ram consensus sequences were showing highest similarities towards O. tenuiflorum 
sequences available in database. (c) Vrinda consensus sequence was showing similarity towards O. 
gratissimum sequences available in the database.  
3.3.2.3 Reference barcode sequences 
The reliable reference barcodes obtained from the GenBank and NCBI databases, were 
used to further identify the Tulsi samples. The reference sequences designed throughout 
this study will also be submitted to the databases. 
3.3.2.3.1 O. gratissimum and O. tenuiflorum Reference Specimen 
The previously recognised O. gratissimum sequences (Bhamra, 2016) and C81 sample 
sequence from The Royal Botanic Gardens Kew - DNA bank (Chase, et al.,2005), were 
used as reference sequences to compare ‘Vrinda’ plant sequences. As all these samples 
have been identified and submitted to database by previous researchers as O. 
gratissimum, the experiment data sequences were aligned in a multiple alignment 
(Figure 3-7) to confirm their identity. 
 
Similarly, a standard O. tenuiflorum sequence (Figure 3-8) was used to compare Ram 
and Shyam plant sequences. Earlier, they were also cross checked through BLAST 
search tool to check their closely related sequences from database. 
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Eight O. gratissimum trnH-psbA sequences (433, 437, 507, 490, 491, 769 and 1138) and 
the standard O. tenuiflorum sequence (which is published in British pharmacopoeia) 
were used for multiple sequence alignment (as shown in Table 3-5): 
 
Table 3-5: Biomolecular Technology Group sequences.  
Sr. No. Species ID Reference 
1 O. gratissimum 433 B02 (Bhamra, 2016)  
2 O. gratissimum 437 B05 (Bhamra, 2016) 
3 O. gratissimum 507 B07 (Bhamra, 2016) 
4 O. gratissimum 490 A14 (Bhamra, 2016) 
5 O. gratissimum 491 B15 (Bhamra, 2016) 
6 O. gratissimum 768 G30) (Accession No. - MF784560) 
Germany, Peter Nick Sample) 
7 O. gratissimum 769 G32 (Germany, Peter Nick Sample) 
8 O. gratissimum 1138 C81 (Accession No. - MF784559) 
(Kew DNA Bank) 
9 Standard O. tenuiflorum sequence Published in BP 
 
O. gratissimum reference specimens were obtained from previous BTG research student 
(Bhamra, 2016) collection (433, 437, 507, 490 and 491), Botanical Institute Karlsruhe 
Institute of Technology, Germany (768 and 769) and The Royal Botanic Gardens Kew 
(1138) (Chase et al., 2005). These previously identified specimens of O. gratissimum 
were used as reference sequences in the analysis. In alignment (Figure 3-7), the 
highlighted box (across 293 to 297 bases) shows some differences within these 
sequences. On the basis of their differences, they could be categorised in three types of 
O. gratissimum sequences. Sample No. 433, 437 and 507 were included in first group; 
Sample No. 490, 768 and 491 were included in second group along with ‘Vrinda’ 
sample sequence; 769 and 1138 were included in the third group. 
 
            1                                                   50 
      433|          AT AACTTCCCTC TAGACCTAGC TGCTATTGAA GCTCCAACAA 
      437|          AT AACTTCCCTC TAGACCTAGC TGCTATTGAA GCTCCAACAA 
      507|          AT AACTTCCCTC TAGACCTAGC TGCTATTGAA GCTCCAACAA 
      490|          AT AACTTCCCTC TAGACCTAGC TGCTATTGAA GCTCCAACAA 
      Vrinda  GAATGCTCAT AACTTCCCTC TAGACCTAGC TGCTATTGAA GCTCCAACAA 
      768|          AT AACTTCCCTC TAGACCTAGC TGCTATTGAA GCTCCAACAA 
      491|          AT AACTTCCCTC TAGACCTAGC TGCTATTGAA GCTCCAACAA 
      769|          AT AACTTCCCTC TAGACCTAGC TGCTATTGAA GCTCCAACAA 
     1138|                        TAGACCTAGC TGCTATTGAA GCTCCAACAA 
 Consensus  ........at aacttccctc TAGACCTAGC TGCTATTGAA GCTCCAACAA 
 
            51                                                 100 
      433|  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
      437|  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
      507|  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
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      490|  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
      Vrinda  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
      768|  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
      491|  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
      769|  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
     1138|  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
 Consensus  ATGGCTAAGA CTTGTTCTTG GTGTGTAGAA GTTTTTGAAA TATAGATAAA 
 
            101                                                150 
      433|  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
      437|  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
      507|  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
      490|  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
      Vrinda  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
      768|  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
      491|  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
      769|  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
     1138|  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
 Consensus  TATAAGGAGC AATAAACCCT TTCTTGTTCT ATCAAAAGAG GGTTTATTGC 
 
            151                                                200 
      433|  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
      437|  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
      507|  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
      490|  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
      Vrinda  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
      768|  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
      491|  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
      769|  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
     1138|  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
 Consensus  TCCTTTCTTT TCTTTTCAAT TAGGAGTCCT TTTCTATTTT TCTAGTAGTA 
 
            201                                                250 
      433|  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
      437|  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
      507|  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
      490|  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
      Vrinda  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
      768|  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
      491|  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
      769|  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
     1138|  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
 Consensus  TTGGACTTAC CTAGACTTTT CTTTCCATAA AAGCAAGAAG ATAAAAAAAT 
 
            251                                                300 
      433|  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AAATTT-AAA 
      437|  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AAATTT-AAA 
      507|  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AAATTT-AAA 
      490|  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AA-TTT-AAA 
      Vrinda  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AA-TTT-AAA 
      768|  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AA-TTT-AAA 
      491|  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AA-TTT-AAA 
      769|  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AAAATTCAAA 
     1138|  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AAAATTCAAA 
 Consensus  GATTGAAATT CTATCTTTTG TTTTACAATT TTGAAAAAAA AAatTT.AAA 
 
            301                                                350 
      433|  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
      437|  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
      507|  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
      490|  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
      Vrinda  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
      768|  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
      491|  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
      769|  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
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     1138|  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
 Consensus  TTGAAAAAGT GAATTCGTAA ATAAATAGAA AATTGACTTT TTTATAGTAG 
 
            351                                        392 
      433|  AGGGGCGGAT GTAGCCAAGT GGATCAAG                 
      437|  AGGGGCGGAT GTAGCCAAGT GGATCAAG                 
      507|  AGGGGCGGAT GTAGCCAAGT GGATCAAG                 
      490|  AGGGGCGGAT GTAGCCAAGT GGATCAAG                 
      Vrinda  AGGGGCGGAT GTAGCCAAGT GGATCAAGGC AGTGGATTGT GA 
      768|  AGGGGCGGAT GTAGCCAAGT GGATCAAG                 
      491|  AGGGGCGGAT GTAGCCAAGT GGATCAAG                 
      769|  AGGGGCGGAT GTAGCCAAGT GGATCA                   
     1138|  AGGGGCGGAT GTAGCCAAGT GGATCAAG                 
 Consensus  AGGGGCGGAT GTAGCCAAGT GGATCAag.. .......... .. 
Figure 3-7: Multiple sequence alignment of several O. gratissimum sequences with ‘Vrinda’ Tulsi 
sequences. The highlighted box shows three types of O. gratissimum sequences. Sample No. 433, 437 
and 507 were included in first group; Sample No. 490, 768 and 491 were included in second group 
along with ‘Vrinda’ sample sequence; 769 and 1138 were included in third group.      
 
According to BLAST search, it was found that the standard sequences of O. 
gratissimum were closely related to the ‘Vrinda’ Tulsi sample. Apart from highlighted 
part, experiment set of sequence had a perfect match with the reference sequences seen 
within the trnH-psbA region. Along with confirming query sequence similarity through 
BLAST search, aligning it with reference sequences helped to produce reliable results.  
The standard O. tenuiflorum sequence from Ocimum genus was published in BP. This 
sequence was aligned with Ram and Shyam sample sequences (as they were identified 
as O. tenuiflorum during BLAST search). As shown in Figure 3-8, the sequences were 
all very similar which confirms query sequences identity as O. tenuiflorum.   
            1                                                   50 
Standard_T  GTTATGCATG AACGTAATGC TCATAACTTC CCTCTAGACC TAGCTGCTAT 
Ram_trnH_p              ACGTAATGC TCATAACTTC CCTCTAGACC TAGCTGCTAT 
Shyam trnH                GTAATGC TCATAACTTC CCTCTAGACC TAGCTGCTAT 
 Consensus  .......... .acGTAATGC TCATAACTTC CCTCTAGACC TAGCTGCTAT 
 
            51                                                 100 
Standard_T  TGAAGCTCCA ACAAATGGCT AAGACTTGTT CTTGGTGTGT AGAAGTTTTT 
Ram_trnH_p  TGAAGCTCCA ACAAATGGCT AAGACTTGTT CTTGGTGTGT AGAAGTTTTT 
Shyam_trnH  TGAAGCTCCA ACAAATGGCT AAGACTTGTT CTTGGTGTGT AGAAGTTTTT 
 Consensus  TGAAGCTCCA ACAAATGGCT AAGACTTGTT CTTGGTGTGT AGAAGTTTTT 
 
            101                                                150 
Standard_T  GAAATATAGA TAAATATAAG GAGCAATAAA CCCTTTCTTG TTCTATCAAA 
Ram_trnH_p  GAAATATAGA TAAATATAAG GAGCAATAAA CCCTTTCTTG TTCTATCAAA 
Shyam_trnH  GAAATATAGA TAAATATAAG GAGCAATAAA CCCTTTCTTG TTCTATCAAA 
 Consensus  GAAATATAGA TAAATATAAG GAGCAATAAA CCCTTTCTTG TTCTATCAAA 
 
            151                                                200 
Standard_T  AGAGGGTTTA TTGCTCCTTT CTTTTCTTTT CAATTATGAG TCCTTTTCTA 
Ram_trnH_p  AGAGGGTTTA TTGCTCCTTT CTTTTCTTTT CAATTATGAG TCCTTTTCTA 
Shyam_trnH  AGAGGGTTTA TTGCTCCTTT CTTTTCTTTT CAATTATGAG TCCTTTTCTA 
 Consensus  AGAGGGTTTA TTGCTCCTTT CTTTTCTTTT CAATTATGAG TCCTTTTCTA 
 
            201                                                250 
Standard_T  TTTTTCTAGT AGTATTGGAC TTACCTAGAC TTTTCTTTCC ATAAAAGAAA 
Ram_trnH_p  TTTTTCTAGT AGTATTGGAC TTACCTAGAC TTTTCTTTCC ATAAAAGAAA 
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Shyam_trnH  TTTTTCTAGT AGTATTGGAC TTACCTAGAC TTTTCTTTCC ATAAAAGAAA 
 Consensus  TTTTTCTAGT AGTATTGGAC TTACCTAGAC TTTTCTTTCC ATAAAAGAAA 
 
            251                                                300 
Standard_T  GAAGATAAAA AAAATGATTG AAATTTTATC TTTTGTTTTA CAATTTTGCA 
Ram_trnH_p  GAAGATAAAA AAAATGATTG AAATTTTATC TTTTGTTTTA CAATTTTGCA 
Shyam_trnH  GAAGATAAAA AAAATGATTG AAATTTTATC TTTTGTTTTA CAATTTTGCA 
 Consensus  GAAGATAAAA AAAATGATTG AAATTTTATC TTTTGTTTTA CAATTTTGCA 
 
            301                                                350 
Standard_T  AAAAAAATTC AAATTGAAAA AGTGAATTCG TAAATAAATA GAAAATTTTC 
Ram_trnH_p  AAAAAAATTC AAATTGAAAA AGTGAATTCG TAAATAAATA GAAAATTTTC 
Shyam_trnH  AAAAAAATTC AAATTGAAAA AGTGAATTCG TAAATAAATA GAAAATTTTC 
 Consensus  AAAAAAATTC AAATTGAAAA AGTGAATTCG TAAATAAATA GAAAATTTTC 
 
            351                                                400 
Standard_T  TTTTTAGATT TTTAGAGTAG AGGGGCGGAT GTAGCCAAGT GGATCAAGGC 
Ram_trnH_p  TTTTTAGATT TTTAGAGTAG AGGGGCGGAT GTAGCCAAGT GGATCAAGGC 
Shyam_trnH  TTTTTAGATT TTTAGAGTAG AGGGGCGGAT GTAGCCAAGT GGATCAAGGC 
 Consensus  TTTTTAGATT TTTAGAGTAG AGGGGCGGAT GTAGCCAAGT GGATCAAGGC 
 
            401                       427 
Standard_T  AGTGGATTGT GAATCCACCC ATGCGCG 
Ram_trnH_p  AGTGGATTGT GAACCCC            
Shyam_trnH  AGTGGATTGT GATCACCC 
 Consensus  AGTGGATTGT GAaccCcc.. ....... 
Figure 3-8: Multiple sequence alignment including standard sequence of O. tenuiflorum with ‘Ram’ 
and ‘Shyam’ type Tulsi sequences. The standard O. tenuiflorum trnH-psbA sequence was published in 
British Pharmacopoeia Appendix XI V, 2017 used as reference sequence to identify ‘Ram’ and ‘Shyam’ 
Tulsi samples.   
 
 
3.4 Discussion 
 trnH-psbA 
Compared to the nrITS region, the trnH-psbA region proved to be more useful for 
species level identification (Bhamra, 2016). An identification through trnH-psbA region 
is an effective tool to use within Ocimum genus. This region is amplified, aligned and 
tested with published Ocimum sequences for DNA based assays. The divergence within 
different Ocimum species created authentication issues while designing PCRs for some 
species, as targeted amplicon was either too long or too short. Though with the help of 
isopropanol clean up and dilution steps, all collected Ocimum samples were 
successfully identified using trnH-psbA barcode region. 
 
An interspecific variation amongst trnH-psbA region show high variation amongst 
genus Ocimum. The result output and sequence quality were good for this amplified 
region. Different Ocimum species along with refence sequence were aligned together to 
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identify unknown species. All results were personally analysed by doing DNA 
extraction from collected samples. A number of samples submitted to the general DNA 
extraction method did not yield amplifiable DNA, and therefore clean-up and dilutions 
were carried out. This helps to remove inhibitors either from the sample or introduced 
during DNA extraction process and succeeded in producing good quality results. In 
short, the quality of the results was sufficient in the first round of experiments following 
the method described in the British pharmacopoeia (2016), trnH-psbA region can be 
successfully used to authenticate Ocimum species.   
3.4.1.1 Universal barcode primers 
The strategy of using relevant primer pairs covering trnH-psbA barcoding region, has 
been successfully implemented during this project. The high level of interspecific 
variation within the Ocimum genus has been successfully applied by studying the trnH-
psbA barcoding region. The region amplified using PCR technique was helpful to get 
good quality sequence data. The trnH-psbA region used to discriminate between 
different Ocimum species in this project. PCR test with trnH-psbA primer pair followed 
by BLAST search results, used to identify variety of Ocimum samples (fresh and dry 
plant material along with commercial DNA samples). The final results have appeared to 
work more efficiently with clean-up and diluted DNA samples as this helped to remove 
PCR inhibitors. Eventually, the good quality sequence data has been acquired from 
most of the samples using bioinformatics tools (Please see section 3.2 for more details). 
 Advantage of using DNA based technique 
Barcode primers covering short bp sequence (less than 500 bp for trnH-psbA region) 
gave better results compared to primers covering long bp sequences (around 1000 bp for 
nrITS region) (Bhamra, 2016). This was further confirmed by agarose gel 
electrophoresis results where a bright band can be seen, indicating a large product copy 
number. Within this project a product of around 200-300 bp is suitable for use of all 
available DNA samples. Morphological identification is not sufficient to identify 
processed plant material 
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and the different chemotypes shown in the HPTLC analysis are a prime example of the 
difficulties in using these methods for species identification. Thus, DNA based 
identification method is the best method for species identification purpose. 
 In detail investigation 
DNA extraction was initiated by collecting different Ocimum species. The BLAST 
search for most of these samples highlighted similarity with relevant Ocimum species. 
The previous literature revealed that misidentification of Ocimum species for drug 
manufacturing purpose was the main issue which can be overcome by using DNA based 
techniques along with using results achieved during this research as a reference. 
Although, it can be difficult to obtain good quality result data while using commercial 
products including tablets, capsules, extracts and tincture (Jürges et al., 2009). This 
chapter shows the possibility of using DNA barcode region for identification purposes, 
when other techniques failed to provide positive results. This technique is accessible 
and can be used in all sectors including industry, pharmaceutical and research 
environment. 
 Contig description 
When a good quality DNA sequence was obtained, two reads (forward and reverse) 
were ordered to create reliable contig (is a set of overlapping DNA segments that 
together represent a consensus region of DNA) (Figure 3-9). All conflicts were resolved 
before consensus sequence used as the reference DNA sequence; to compare with 
available sequences in database through BLAST search and prepare a multiple 
alignment. 
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Figure 3-9: A Section of a Contig Produced from two Electropherograms of trnh-psbA Sequences from 
query sample 
 
As shown in figure 3-5, the sequencing results were of high quality for all three Tulsi 
(Ram, Shyam and Vrinda) types. Based on these results, reliable contigs and consensus 
sequences were produced. Several reference Ocimum DNA sequences obtained from 
databases, were used to identify unknown Ocimum species including O. tenuiflorum, O. 
gratissimum, O. africanum, O. americanum, and O. citriodorum, O. basilicum, O. 
kilimandscharicum and O. selloi.    
 Authentication of unknown samples 
The trnH-psbA sequences results confirmed the selected specimens as Ocimum. The 
identity of all of these sequences was confirmed through BLAST search in NCBI 
database along with aligning them with reference sample sequences. Table 3-6 
summarises the sequence data which were created to identify trnH-psbA region. 
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Table 3-6: Samples Identification Summary 
Sample 
ID: 
Sample source: Type of tulsi 
specified: 
trnH-psbA 
sequence 
G26 
Dr. Willmar 
Schwabe 
Pharmaceuticals, 
Germany 
O. tenuiflorum ✓ 
G27 O. tenuiflorum ✓ 
G28 O. africanum ✓ 
G29 O. citridorum ✓ 
G30 O. gratissimum ✓ 
G31 O. kilimandscharicum ✓ 
G32 O. gratissimum ✓ 
G33 O. tenuiflorum ✓ 
G34 O. basilicum ✓ 
G36 O. tenuiflorum ✓ 
G37 O. tenuiflorum ✓ 
G38 O. tenuiflorum ✓ 
G39 O. tenuiflorum ✓ 
C81 
Kew 
 
O. gratissimum ✓ 
C82 O. selloi X 
C84 O. tenuiflorum ✓ 
C85 O. americanum ✓ 
V86 
CAMAG 
O. tenuiflorum ✓ 
V87 O. tenuiflorum ✓ 
V88 O. tenuiflorum ✓ 
V90 O. tenuiflorum ✓ 
V92 O. tenuiflorum ✓ 
V93 O. tenuiflorum ✓ 
V94 O. tenuiflorum ✓ 
V96 O. tenuiflorum ✓ 
V98 O. tenuiflorum ✓ 
V99 O. tenuiflorum ✓ 
B05 
BTG 
O. tenuiflorum ✓ 
B13 O. tenuiflorum ✓ 
B15 O. tenuiflorum ✓ 
B16 O. basilicum  ✓ 
Key: Germany- Botanical Institute Karlsruhe Institute of Technology, Kew- The Royal Botanic Gardens, 
CAMAG- CAMAG Laboratory, Switzerland, BTG- Biomolecular Technology Group 
3.5 Conclusion 
Traditionally, morphological features have been used to identify particular traits of plant 
families and species. The condition of the samples, plant age and manufacturing process 
could affect the plant sample and therefore the plant identification process, too (Jacono, 
2009). Similarly, all these factors affect the chemical analysis results as well 
(McCutcheon, 2002). Compared to all these techniques, DNA analysis has its unique 
advantage as it is not affected by the plant conditions, age, manufacturing process or 
growth conditions. 
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Using the trnH-psbA barcode region two species, O. tenuiflorum (Ram and Shyam 
which are native to Indian subcontinent) and O. gratissimum (Vrinda which is native to 
Africa, Madagaskar, New Guinea) were identified which were discriminated by several 
base differences. The high-quality sequence data of the trnH-psbA barcode region 
supported these findings. The final outcome of this study has showed the possibility of 
having morphologically identical Ocimum species which have significantly different 
genetic barcode (Sáez and Lozano, 2005). 
After authenticating unknown samples as Ocimum, they were further used to identify 
OMT gene region. OMT genes play an important part in certain phenylpropanoids 
pathway steps and their study is a key aspect of this project. Their sequence study is 
covered in the next chapter.         
 Further work 
3.5.1.1 Storage for further processes 
There are various research projects evolving around DNA analysis which require 
suitable plant material storage techniques and facilities. Different organisations 
including sample bank, botanical gardens follow well designed protocols to store plant 
materials. When samples are collected from wild and remote environments, they need to 
be organised suitably (Harris, 1994). The specimens can be stored in the form of 
herbarium voucher, for further study and examination. The herbarium voucher ideally 
contains all plant parts including above ground (stem, leaves, flowers, fruits) along with 
below ground structures (mainly roots). The sample is usually kept under several layers 
of paper and porous wooden sheet for air circulation. The voucher specimen sheet 
should contain all details about plant including plant’s full scientific name, collector 
name, collection location, time. It would be advisable to store these specimens at 
recognised institute where appropriate facilities are available for long term maintenance. 
 
Fresh plant samples were freeze dried using liquid nitrogen for long term usage. Dry 
plant material was grounded and converted into powder form. This was stored in small 
jars and used regularly for DNA extraction. 
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4 DNA and Amino Acid sequence 
analysis of O- methyltransferase 
genes 
 
4.1 Introduction 
Sequence analysis involves the detailed study of DNA (Deoxyribonucleic acid), RNA 
(Ribonucleic acid) and Amino acid (AA) sequences of particular genes to understand 
their structure, functions, features and evolutionary history. When many sequences are 
added in databases, the key procedure is to compare the new sequences to the existing 
ones. This helps to understand the mechanism of the target gene’s role in relevent 
organism. 
 Methylation of biological molecules 
The methylation of biological molecules is carried out with the help of highly specific 
enzyme called methyltransferases. These enzymes transfer a methyl group to the target 
molecule. O-methyltransferases (OMTs) transfer a methyl group to an oxygen atom in 
the target molecule. In plants, OMTs are a large family of enzymes that can methylate a 
wide variety of secondary metabolites including flavonoids, phenylpropanoids and 
alkaloids. The methylation of phenolic compounds by members of the OMT enzyme 
group is a prominent part of this research study. 
 
Plant phenolic compounds are one of the most ubiquitous groups of secondary 
metabolites. They are well known for their antioxidant properties and form an integral 
part of human diet (Hahlbrock and Scheel, 1989). They are known to have 
multifunctional roles in plants, among which the role of plant-microbe interaction is 
prominent. These secondary metabolite productions are markedly increased during 
pathogen attacks, productions that include the upregulation of genes in the 
phenylpropanoid pathway.  
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Eugenol and chavicol, naturally occurring plant-based phenolic compounds, are central 
part of this entire project. Methyl eugenol and estragole are O-methylated compounds 
that are derived from eugenol and chavicol respectively. The understanding of the 
phenylpropanoid pathways is still incomplete. The corresponding enzymes, eugenol O-
methyltransferase (EOMT) and chavicol O-methyltransferase (CVOMT), involved in 
this pathway have the highest expression levels in the peltate glands of leaves, where 
they produce volatile oils. 
 
The study revealed that Ocimum species can convert eugenol and chavicol 
phenylpropanoids into their respective methyl derivatives. The EOMT and CVOMT 
cDNA sequence alignments of O. basilicum sequences are used as a reference for this 
study. Based on alignment of the cDNA sequences, these two cDNA encoded proteins 
are found to be 90 per cent identical. A single AA difference was found to be 
responsible for the difference in substrate discrimination. Based on this finding, the 
DNA and amino acid sequence analysis of EOMT and CVOMT in various Ocimum 
species was carried out using several bioinformatics tools.  
 
Some details regarding the synthesis of key phenylpropanoids including eugenol, 
chavicol, ME and estragole are available (Anand et al., 2016). Two target OMT 
enzymes for this project, EOMT and CVOMT, have successfully been identified in 
sweet basil (O. basilicum) crude protein extracts, which were able to produce two 
methyl derivatives, ME and estragole, from eugenol and chavicol phenylpropanoids 
respectively. SAM (S-adenosylmethionine) acts as the methyl donor during this reaction 
(Figure 4-1).  
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Figure 4-1: Secondary metabolite pathway leading to methyleugenol and methylchavicol 
in O. basilicum. Single arrows indicate the catalytic reaction of EOMT and CVOMT enzymes, double 
arrows indicate multiple conversions (Gang et al., 2002) 
 
According to Gang et al. (2002), two OMT enzymes, EOMT and CVOMT, were 
identified in crude protein extracts of sweet basil, though the ratio of these two activities 
was dissimilar in different chemotypes of O. basilicum. Their activity was also 
discovered to be at its highest level in glandular trichomes present on young leaves and 
stems. In this way, the methylation of two different phenylpropanoids s two distinct, 
albeit very similar, enzymes.  
 Gene expression 
The synthesis of any functional gene product is the result of the process called ‘gene 
expression’. The functional gene often codes for a protein, although it can be a 
functional RNA such as transfer RNA and small nuclear RNA. Gene expression is an 
essential process for the synthesis of a functional gene product using information from 
the gene. This process can be seen in all organisms including viruses, prokaryotes and 
eukaryotes. Gene regulation can control cell structure function, differentiation and 
adaptability in an organism. The changes in gene sequences can serve as a substrate to 
study the evolutionary changes that eventually affect the gene’s function within the cell. 
Gene activity and its regulation thus profoundly affects the development of individual 
organisms.    
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A gene expression process contains several steps that can be divided into the two main 
categories of transcription and translation. 
4.1.2.1 Plant O-methyltransferase enzymes 
As discussed earlier, a large enzyme family is present in plant organism that methylate 
several secondary metabolites including flavonoids and phenylpropanoids. This group 
of enzymes act as a structural support to cell walls. The main aim of this study is the 
analysis of the target OMT proteins that include two groups of enzymes, EOMT and 
CVOMT. 
4.1.2.1.1 Eugenol O-methyltransferase enzyme 
Eugenol and their methyl derivatives are ubiquitous in the plant kingdom, especially in 
the species of the Lamiaceae family. Their pungent smell makes them widely popular in 
the fragrance and culinary industries. EOMT is a common enzyme that uses S-adenosyl-
L-methionine (C15H22N6O5S) as the methyl donor during the methylation process of 
these secondary metabolites. The size of this enzymatic protein is around 40 kDA, and 
it is generally stable below 36◦C (Wang and Pichersky, 1998). According to Renu et al. 
(2014), the O. tenuiflorum EOMT genomic DNA study revealed the presence of the 
open reading frame and intron, 843bp and 90bp long respectively. The enzyme 
expression level is at its highest in young flowering plants, being reduced in the mature 
and post-flowering stages. This finding supports the different levels of secondary 
metabolites in different Ocimum chemotypes (Renu et al., 2014). 
4.1.2.1.2 Chavicol O-methyltransferase enzyme 
S-adenosyl-L-methionine (SAM) is the same methyl donor used by the chavicol O-
methyltransferase enzyme during the methylation process in which secondary chavicol 
metabolites form estragole (methyl chavicol). There are striking similarities between 
CVOMT and EOMT enzymes. The production of CVOMT is also abundant in young O. 
basilicum tissues and lower in mature ones. The expression level of CVOMT is high in 
certain genotypes, and so consequently is the estragole level, while genotypes 
combining EOMT and CVOMT demonstrate the production of ME and Estragole 
respectively. These results indicate the presence of two distinct enzymes on Ocimum 
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chemotypes, one specific to ME and another that acts on chavicol during the 
methylation process (Lewinsohn et al., 2000).  
 
Like other enzymes, an activity of these two O-methyltransferase enzymes depends on 
the availability of substrates and their specificity in various Ocimum species and their 
relevant chemotypes. 
 Plant Genomics and Bioinformatics  
A sequence study is a convenient means of studying plant genes and the characteristics 
of valuable plant species in detail (Feuillet et al., 2011; Govindaraj et al., 2015). The 
availability of, and updated information on, plant genomes creates a fruitful 
environment within the world of plant research. It can also create strong relationships 
between research groups across the globe (Raes and Bork, 2008). The sequence study 
marks a new era in the form of Genomics, which began with ‘Sanger sequencing’, and 
is now gradually being replaced by new ‘High throughput’ technology (Siegel and 
Saukko, 2012). The availability of genome sequence data played a crucial role in the 
discovery of novel genes. A complete genome study of Arabidopsis, then rice plants, 
inspired scientists to combine plants species of interest with new sequencing techniques 
to devise their novel gene projects (Meinke, et al., 1998; Edwards and Batley, 2004). Of 
the various online databases, CoGepedia has recorded the sequences of around 100 
plant species and contains some pending sequence details of projects that are still 
incomplete (Pagani et al., 2012). This data provides unique and valuable information 
that reveals interesting facts about critical genes and their pathway details (Michael and 
VanBuren, 2015). Arabidopsis and other plant species, the study of whose genomes has 
been completed, are now used as model organisms for the study of new genes (Meinke, 
et al., 1998). The sensible use of available genes sequences can improve plants’ quality 
and can eventually be used for the well-being of humans.       
 
These technologies have led to a number of new research projects, revolving around 
gene sequences, that require common locations, called ‘databases’ to store newly 
invented sequences. Databases are either freely accessible public bodies or private 
databases that require personal logins. Both are managed by certain organisations that 
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monitor the data available for use by researchers in their genome projects. NCBI, the 
DNA Data Bank of Japan and GenBank are well known examples of public databases. 
Database entries have increased dramatically in number since 2004 (Ong et al., 2016). 
NCBI’s total entry numbers currently stands at 5,000,000 (RefSeq, 2015), with 35,000 
entries being added monthly. As well as general plant sequence databases, certain 
databases are species-specific. Examples include The Arabidopsis Initiative Resource 
(TAIR) (Swarbreck et al., 2008), MaizeGDB (Lawrence et al., 2004) and The Rice 
Annotation Project (RAP-DB) (Sakai et al., 2013). Most of these databases relate to 
other facilities such as BLAST and Uniprot search engines that help researchers unearth 
more details about similar sequences while entering their experimental dataset into the 
database.           
      
The sequences deposited in public databases contain very limited information. Ideally, 
each sequence should contain relevant information (for example, epitopes, functional 
domains, genetic markers and haplotypes) to obtain complete genetic maps (Michael 
and VanBuren, 2015). Another major issue regarding the regular updating of gene 
sequences is that this requires a bridge between database developers and plant 
researchers (Dhanapal and Govindaraj, 2015). Plant genome databases are thus faced by 
technical challenges, although their potential to study large collections of plant genes is 
huge. The exponential increase in plant genome data that will result from the 
introduction of NGS in sequencing requires suitable tools and data management. 
Effective analysis methods for genome comparison, phylogenetic investigation to study 
evolutionary relationships, and most importantly skilled investigators, are indeed 
required to study plant genomes using bioinformatics tools (Ong et al., 2016). While 
examining the similar sequences of the EOMT region from different species during the 
literature review, these factors greatly affected the research direction.  
4.1.3.1 Resolving conflicts after alignment 
Aligning many sequences and obtaining intelligible results is a difficult and time-
consuming process. Previously, only the small number of sequences were aligned, these 
later were merged with large amounts of sequence data by using bioinformatics tools 
(Notredame et al., 2000). The whole alignment concept was initiated with the pairwise 
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alignment process in which similarity and gap penalties were summarised (Needleman 
and Wunsch, 1970). Most multiple alignment programs incorporate a pairwise 
alignment step. Segment-based alignment (with some modifications), where the first 
similarity score has been introduced and arranged sequentially, has also been introduced 
(Subramanian et al., 2008). Whatever the approach taken to align sequences, the main 
problem of aligning weakly conserved regions that can easily be missed at the first step 
of the alignment process, still prevails (Kececioglu et al., 2000).   
4.1.3.2 Protein importance 
Proteins are important molecules in all living organisms. Proteins or polypeptide chains 
are made up of 20 essential AAs from nucleotide sequences. A group of three 
nucleotide base pairs encoded for each AA are grouped in a particular order to form AA 
chains. This is followed by the construction of the folding mechanism (Anthony et al., 
1989; Xie and Schultz, 2005). Proteins are responsible for the majority of events 
including maintenance, protection, reproduction and all DNA mechanisms including 
replication and multiplication. (Lesk, 2001; Green, 2005). Protein functions can be 
categorised on the basis of their nature of their involvement in the process. Examples 
are the structural proteins responsible for cell shape (Cabeen and Jacobs, 2005), 
mitochondrial proteins that analyse transmembrane events (Bloom, 2005), and defence 
proteins that recognise foreign objects entering the body and activating an immune 
system (Delves and Roitt, 2000). Apart from these major functions, various minor 
mechanisms occur with the help of protein molecules, which is why the study of 
proteins is so important to understand the naturel processes. By understanding their 
mechanisms and folding structures, various unanswered questions regarding the human 
physiology can be revealed. The study of proteins is also extremely useful in therapy, as 
it can reveal the root causes of diseases and their treatments. Previously, only the 
principles of applied biology were used in this context, but now knowledge relating to 
computation, chemistry, physics and molecular studies combine in the field of 
bioinformatics (Luscombe et al., 2001). As with DNA databanks, databases such as 
NCBI, Genebank and PDB that contain details of AA and protein structures obtained 
from research groups working in this field are also available online (Galperin, 2006).               
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4.2 Material and methods 
 Primer design 
A range of primer pairs from previous publication were used to identify an EOMT gene. 
(Gang et al., 2002; Renu et al., 2014). One external primer pair was designed using 
‘Primer Design’ software (see the Results section for more details). The same details 
were helpful in identifying the CVOMT region of different Ocimum species (Table 4-1).   
4.2.1.1 An internal primer strategy 
The EOMT amplicons derived with the help of the EOMT primer pair were over 1,000 
bases long. Their quality was reasonable, the sequences reading from each end, 
although they did not overlap sufficiently in the middle. These primers were named 
according to the genus name and location on the gene. For example, Ocimum primers 
covering internal parts of the gene were identified as ‘Ocimum_Int_F’ and 
‘Ocimum_Int_R’ (forward and reverse primers respectively) (Figure 4-5). 
 
Different numbers were assigned if more than one primer was designed for the same 
region, examples being Int_F1 and Int_F2 (see the results in Figure 4-9). The internal 
primer pairs Int_F2+ Int_R2 are later renamed as Int-F and Int-R primer pairs to 
produce a sequence in both directions in order to obtain the full length of the PCR 
product. 
 
Four external and two internal primer pairs were designed in order to identify the 
EOMT gene can be seen in Table 4-1. 
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Table 4-1: PCR programme for different primer pairs 
 
Among all these primer pairs, EOMT primers (Renu et al., 2014) and second internal 
primer pairs were used to amplify the EOMT gene from different Ocimum species. Full-
length cDNA sequence of O. basilicum (EOMT and CVOMT) were obtained from NCBI 
databases. Figure 4-5 shows where each primer sits on the EOMT gene. 
   
 
Figure 4-2: Primer design strategy to obtain the details of the full-length EOMT gene. The position of 
EOMT and Internal primers can be seen on the OMT gene 
Primer  Primer sequence PCR programme 
EOMT-F   EOMT-R 
(0.5 µM) 
TGTCGACAGAGCAACTTCTT 
GGATAAGCCTCTATGAGAGACC 
95°C for 4 min, 35 cycles at 94°C for 30 s, 
55°C for 1 min, and 72°C for 2 min, 
followed by a final extension step at 72°C 
for 10 min 
Renu IS-F (Tm 62°C) 
Renu IS-R (Tm 61°C) 
(0.5 µM) 
TCCCACTTTCACAAACCCAT       
ACAACATGTGGGAGGTCAATA 
95°C for 4 min, 35 cycles at 94°C for 30 s, 
59°C for 1 min, and 72°C for 2 min, 
followed by a final extension step at 72°C 
for 10 min 
Gang OMT 5' (Tm 
53°C)  
Gang OMT 3' (Tm 
47°C) 
AATGGCATTGCAAAAAGTA 
CCTTAAAATTGTAGCTATC 
Initial denaturation step at 95°C for 7 
min; 30 cycles of 95°C for 1 min, 45°C for 
30s, 72°C for 1 min; final extension at 
72°C for 7 min 
Set 2-F (Tm 62°C)  
Set 5-R (Tm 62°C) 
GCCGAGCATGGGTAGATTT 
CTCATCGTTCCAGTCGTGTATT 
Initial denaturation step at 95°C for 7 
min; 30 cycles of 95°C for 1 min, 60°C for 
30s, 72°C for 1 min; final extension at 
72°C for 7 min 
Int_F1 and Int_R1 AGTGAGTACATGTGCCACGA 
GGCACCATATGAGCGAATGG 
Initial denaturation step at 95°C for 7 
min; 30 cycles of 95°C for 1 min, 53°C for 
30s, 72°C for 1 min; final extension at 
72°C for 7 min 
Int_F2 and Int_R2 ACGACATGTGGGAGGTCAAT 
GCCGAGCATGGGTAGATTTT 
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 DNA samples 
Many Ocimum species are available naturally. Some of their readymade DNA samples 
were collected by previous research students of the Biomolecular Research Group 
(BTG) (Bhamra et al., 2016). Their DNA samples have been characterised by using the 
nuclear ribosomal Internal Transcribed Spacer (ITS) and the chloroplast intergenic 
spacer trnH-psbA regions. The same DNA samples were later used in this study to 
identify the OMT region (Table 4-2). 
Table 4-2: BTG DNA samples 
Sample 
No. 
Species Sample No. Species 
A14 O. tenuiflorum C20 O. tenuiflorum 
A17 O. tenuiflorum C21 O. tenuiflorum 
A18 O. tenuiflorum C22 O. tenuiflorum 
A19 O. tenuiflorum C23 O. tenuiflorum 
B01 O. tenuiflorum C24 O. tenuiflorum 
B02 O. tenuiflorum C25 O. tenuiflorum 
B02-R O. tenuiflorum C73 O. tenuiflorum 
B02-S O. tenuiflorum C74 O. tenuiflorum 
B03 O. tenuiflorum C75 O. tenuiflorum 
B04 O. tenuiflorum C76 O. tenuiflorum 
B05 O. tenuiflorum C77 O. tenuiflorum 
B06 O. tenuiflorum C78 O. tenuiflorum 
B06G O. tenuiflorum C79 O. tenuiflorum 
B07G O. tenuiflorum C80 O. tenuiflorum 
B08 O. tenuiflorum C81 O. gratissimum 
B09-KP O. tenuiflorum C82 O. selloi 
B09a O. tenuiflorum C85 O. americanum 
B09b O. tenuiflorum I41 O. tenuiflorum 
B09c O. tenuiflorum I42 O. tenuiflorum 
B09d O. tenuiflorum I43 O. tenuiflorum 
B09e O. tenuiflorum I44 O. tenuiflorum 
B13-Ebay O. tenuiflorum I45 O. tenuiflorum 
B15a O. tenuiflorum I46 O. tenuiflorum 
B15b O. tenuiflorum I47 O. tenuiflorum 
B16 O. basilicum I48 O. tenuiflorum 
B101 O. tenuiflorum I49 O. tenuiflorum 
B102a O. tenuiflorum L10 Met num O. tenuiflorum 
B103 O. tenuiflorum L11-Met ant O. tenuiflorum 
B104 O. tenuiflorum Melton Rd Tulsi Tablet 
7810 O. kilimandscharicum Pantadau Ocimum spp 
8285-58 O. tenuiflorum   
5748 O. citriodorum   
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 Use of Bioinformatics tools 
NCBI BLAST (https://www.ncbi.nlm.nih.gov/BLAST/) is a widely-used tool for 
comparing a variety of biological sequence details including nucleotides of DNA and 
AA of protein sequences. As several Ocimum sequences were obtained during the 
study, an alignment tool of CLC Main Workbench was used throughout. CLC is the 
main software used to analyse all experiment data. CLC is a helpful resource for 
calculating the differences and variability scores within an alignment. Around 30 
sequences of genomic DNA followed by AA sequences were studied by using its 
alignment tools. All manner of reads – forward, reverse and internal – were assembled 
by selecting the default option to prepare contigs. The same sequences were used to 
prepare the phylogenetic tree using ‘Phylogeny.fr’ software. Different Ocimum species 
were manually inserted online to obtain the result.  
4.2.3.1 Published sequences from databases 
A comprehensive list of all the Ocimum sequences including EOMT and CVOMT 
reference sequences were obtained from online sequence libraries (NCBI and 
Genebank) (Table 4-3). 
 
Table 4-3:  List of accession numbers used throughout the study 
Sr No. Species Accession 
No. 
Source 
1 O. tenuiflorum (Ot1) EU622042 
Renu et 
al., 2014 
2 O. tenuiflorum (Ot2) EU622043 
3 O. tenuiflorum (Ot3) EU622044 
4 O. tenuiflorum (Ot5) EU622045 
5 O. tenuiflorum (Ot6) EU622046 
6 O. tenuiflorum (Ot7) EU622047 
7 O. tenuiflorum (Ot8) EU622048 
8 O. tenuiflorum (Ot2 
cDNA) 
EU622049 
9 O. basilicum CVOMT1 AF435007 
Gang et 
al., 2002 
10 O. basilicum EOMT1 AF435008 
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 CLC software 
The sequence data generated by Sanger sequencing were analysed using CLC Main 
work bench. The sequencing data obtained from the Macrogen website were imported 
in the CLC ‘Navigation area’ which can be seen in ‘View area’. The data in the form of 
various files (.abi/.ab1/.clc/.scf/.phd) can be organised into categories by keeping them 
in separate folders (Figure 4-6).  
 
 
Figure 4-3:  The CLC Main workbench showing view, navigation and toolbox areas along with the 
organisation of data into folders 
4.2.4.1 Sequence assembly 
CLC Workbench (CLC bio) is the main software used throughout the study. Along with 
assembling sequences, the study also carried out sequence trimming, alignment and 
contig preparation using CLC Workbench. Contig involved in consensus sequence 
preparation using DNA overlapping sequences, were prepared using the default setting 
with automated vote-based conflict resolution. In case, when contigs could not be 
prepared using default settings, the alignment stringency was reduced from medium to 
low (i.e. from 50 bases to 5 bases) level. The reference sequences (AF435007 and 
AF435008) were also used when needed.   
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4.2.4.2 Conflict resolution 
An OMT gene was successfully identified in silico by using EOMT primers. At the 
beginning of the project, the PCR amplification of this region was increased and 
sequenced to prepare contigs. After assembling relevant reads, the software itself 
produced the conflicts based on the automated vote settings. These conflicts were 
resolved one by one by altering the bases or keeping them in their original form (Figure 
4-7). 
 
 
Figure 4-4: Process of resolving conflicts. The conflict annotation in the graphical view. The above 
example shows a conflict at position number 359 in which the Int-F strand shows a base call of “A” 
and the EOMT-F strand shows a ‘G’ in that position. The conflict was resolved by changing ‘G’ to ‘a’ in 
EOMT Forward strand. 
4.2.4.3 Nucleotide alignment  
For comparison purposes, the query DNA sequences were aligned with reference 
sequences using the CLC alignment facility. Later, by using CLC Main Workbench, the 
query sequences were studied in detail with the help of O. basilicum reference 
sequences.  
4.2.4.4 The translation of a nucleotide sequence in to an amino acid sequence 
After determining the nucleotide sequences of different Ocimum species, AA sequences 
were prepared. Different AA frames were aligned (using CLC alignment and Nucleotide 
analysis>Translate to protein) with the reference sequence (AF435007 and AF435008) 
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with experiment data to determine the correct AA reading frame (the longest open 
reading frame). This method was also used to find an intron region. As published cDNA 
sequences of Ocimum were used as reference points, it has been easier to identify an 
intron region in gDNA. By comparing cDNA and gDNA sequences, the exon-intron 
boundaries can be seen clearly. While studying any GOI, the identification of intron-
exon boundaries helps to understand how mRNAs are produced from gDNA sequences, 
a process that plays the vital role in the production of the final protein product.   
 
More details about introns can be found in the Appendix section. 
 
4.3 Result  
 Primers 
A range of primer pairs was designed to identify the O-methyltransferase genes from 
the Ocimum species.  
4.3.1.1 External (Published) primers 
As discussed in the previous chapter (Ch 3 Authentication), the genomic DNA samples 
of various Ocimum species were authenticated using the trnH-psbA primer pair. The 
positive DNA samples were further used to identify the EOMT gene, and four specific 
primers (as shown in table 4-1) were therefore constructed. 
 
Among all four primer pairs, EOMT-F and EOMT-R (Figure 4-8) returned positive 
results for the Ocimum plant samples that were collected during the first year of the PhD 
from the local Hindu community in Leicester. After detailed conversations with South 
Asian people, three Tulsi types, Ram, Shyam and Vrinda, were used for the first round 
of DNA extractions, being used to check the efficiency of the primer pairs. These 
samples were authenticated by using the trnH-psbA primer pair and were identified as 
O. tenuiflorum (Ram and Shyam) and O. gratissimum (Vrinda) respectively (See chapter 
3 results for more details).   
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The EOMT primer pair was designed by obtaining the appropriate accession numbers of 
EOMT genes from the GeneBank database and using the BLAStn program to check 
against available sequences (Renu et al., 2014). Based on these results, the EOMT 
primer pair was selected for further research work to identify OMT genes in Ocimum. 
 
Figure 4-8 represents PCR results for (a) EOMT-F & EOMT-R (1500 bp) (b) IS-F & 
IS-R (300 bp) (c) Gang-F & Gang-R (no bands) and (d) Set-2 & Set-5 (no bands), 
where the three bands that can be seen in Lanes 1, 2 and 3 of Figure 4-8(a) represent O. 
tenuiflorum (Ram), O. tenuiflorum (Shyam) and O. gratissimum (Vrinda) respectively. 
Figure 4-8(b) represents faint bands Lane 2 and 3 for O. tenuiflorum (Shyam) and O. 
gratissimum (Vrinda) respectively. No bands were present in Figures 4-8(c) and (d). 
The expected product sizes were only presented by the EOMT-F and EOMT-R primer 
pairs in Figure 4-8(a). 
 
Figure 4-5: Specific primer pair PCR attempt with three Ocimum varieties: Samples 1 (Ram) and 2 
(Shyam) (O. tenuiflorum), and Sample 3 (Wild) (O. gratissimum) (A) EOMT-F and EOMT-R (1500 bp) (B) 
IS-F & IS-R (300 bp) (C) Gang-F & Gang-R (no bands) and (D) Set-2 & Set-5 (no bands). Lane 1: O. 
tenuiflorum (Ram); Lane 2: O. tenuiflorum (Shyam); Lane 3: O. gratissimum (Vrinda) 
  
The new DNA samples were tested the same way with the EOMT primer pair. As 
shown in the Results section, most of them returned positive results.  
 
The EOMT amplicons derived with the help of this EOMT primer pair were over 1,000 
bases long. They showed reasonable quality sequence reads from each end that 
overlapped well in the middle but were not long enough to obtain a complete consensus 
sequence. Two internal primer pairs were therefore designed. In Figure 4-9, bands were 
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visible in Lanes 1, 2, 3 and 4 [positive control, O. tenuiflorum (Ram) sample, O. 
tenuiflorum (Shyam) and O. gratissimum (Wild) respectively]. A faint primer dimer 
band was visible in Lane 5 (negative control) in Figure 4-9(a), while no bands were 
visible in Lane 5 (negative control) in Figure 4-9(b). The expected product sizes were 
present in both gel images. Among these two primer pairs, Int_F2 and Int_R2 were 
selected over Int_F1 and Int_R1 due to better-quality results. Internal primer pairs 
Int_F2 and Int_R2 were later renamed as Int-F and Int-R to obtain a sequence in both 
directions along with the full length of the PCR product.  
 
Figure 4-6: Gel results for two sets of internal primers. (A) PCR with Int-F1 and Int_R1. L, DNA ladder. 
Lane 1: positive control; Lane 2: O. tenuiflorum (Ram) sample; Lane 3: O. tenuiflorum (Shyam) sample; 
Lane 4: O. gratissimum (Wild) sample; Lane 5: negative control. (b) PCR with Int-F2 and Int_R2. L, DNA 
ladder. Lane 1: positive control; Lane 2: O. tenuiflorum (Ram) sample; Lane 3: O. tenuiflorum (Shyam) 
sample; Lane 4: O. gratissimum (Wild) sample; Lane 5: negative control. 
 
 Nucleotide alignment 
4.3.2.1 Sequence assembly 
Trimming, removing conflicts and preparing the consensus sequence were the main 
steps during sequence assembly. They could be managed using the tool box in the left-
hand panel.   
 
Trimming the sequence was the first step in sequence assembly. The poor-quality reads 
were eliminated through the trimming process. The trimming parameters could be 
changed, thereby allowing the trimming length and quality to be decided. After 
trimming, sequence reads were saved with and without the trimmed reads area. The trim 
annotations were saved separately for future use. 
 
Afterwards, the forward (EOMT-F and Int-F) reads were assembled with their relevant 
reverse (EOMT-R and Int-R) reads to prepare the contigs. At this stage the De novo 
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assembly tool was used to align two reads where they overlapped with each other. The 
alignment option was increased or decreased according to the stringency of the 
alignment. All these reads including EOMT-F, EOMT-R, Int-F and Int-R were later 
assembled together using reference sequences. The sequence assembly parameters were 
changed from high and medium to low. A higher stringency level avoided more 
sequence reads and produced short contigs. For the majority of sequence assemblies, 
lower (an aligned read length of score 5) and medium (an aligned read length of score 
50) stringency levels were therefore set, as shown in Figure 4-10.  
 
Figure 4-7: Sequence assembly parameter dialogue box. (a) Low stringency level with minimum 
alignment length score of 5. (b) Medium stringency level with minimum alignment length score of 50. 
 
O. basilicum (EOMT) and O. basilicum (CVOMT) sequences obtained from the NCBI 
database were used as reference sequences. An example of this assembly result output 
where conflicts were present can be seen in Figure 4-11. 
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Figure 4-8: Assembly of forward and reverse reads (including EOMT-F, EOMT-R, Int-F and Int-R) 
showing contig preparation with the presence of conflicts. 
 
Conflicts arise where multiple reads overlap and read has mismatched bases at the same 
position. As shown in Figure 4-12, one conflict has been expanded to improve clarity. 
In this example, Int-F read shows a gap while other reads show the base call of “T”. 
Before resolving the conflict, the quality of all reads at this position were checked, the 
Int-F quality read being found lower while the other reads including EOMT-F, EOMT-R 
and Int-R sequence quality peaks could be trusted. Hence the conflict was resolved by 
replacing the gap with the “T” base in Int-F sequence. In this way, each conflict was 
resolved by voting the correct base (A, C, G, T). To avoid confusion, original contigs 
and contigs with resolved conflicts were kept in separate folders.  
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Figure 4-9: Resolving conflicts. The bases’ differences must be checked against the reference 
sequence. From the sequence assembly results of sample 284 (O. tenuiflorum), three peaks can be 
seen at base position 601, where the base was absent on the internal-F sequence. It can therefore be 
concluded that there should be a T instead of a gap at this base position 
 
When contigs were prepared after resolving all conflicts, the consensus sequence was 
extracted, saved in a separate folder and used for further analysis. 
4.3.2.2 Aligning consensus sequences 
Multiple consensus sequences were aligned by using the ‘Alignment and Trees’ tool. 
The alignment parameters were changed to increase or decrease the gap settings for 
making the alignment more stringent. The ‘Fast (less accurate)’ alignment option was 
preferable to the ‘Short (very accurate)’ option, as the former (fast) alignment contains 
several complicated and very long sequences. An initial alignment contained some 
conserved regions as shown in Figure 4-13. Gradually, all these regions were carefully 
studied to prepare the final output of alignment results.   
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Figure 4-10: An initial alignment containing various Ocimum sequences. The alignment was prepared 
using the CLC alignment tool 
  
The insertion and deletion of a single base in the coding sequence were immediately 
suspect because they would disrupt the reading frame. The original contig was re-
examined in this position to determine whether the sequence reads were consistent with 
the consensus sequence developing from the alignment (Figure 4-14).
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Figure 4-11: A subset of aligned sequences was realigned after removing the gaps. (a) An alignment output represented the gaps presence at nucleotide position no. 
923, 943 and 950. (b) These gaps were successfully removed after studying each of the sequences included in an alignment, especially O. selloi sequnece as it showed an 
extra base pair which was due to poor sequence quality. The highlighted parts around nucleotide position Nos 922, 942 and 950 did not reveal the presence of gaps, 
which produced good quality alignment results 
 
(a) (b) 
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As discussed in section 3.2.1, several DNA samples were collected from various sources, of 
which 26 sequences were successfully sequenced with the full set of EOMT primers 
including EOMT-F and EOMT-R, Int-F and Int-R. These sequences were trimmed, modified 
and aligned, as explained above, to prepare contigs. The partial nucleotide alignment 
sequence can be seen in Figure 4-15. The full alignment can be found in the Appendix.  
 
 
Figure 4-12: A final alignment output. The figures show the partial nucleotide alignment. A complete set of 
nucleotide alignments is included in Appendix. 
 Visualising Introns 
The best way to identify introns is to align the gDNA sequences with a reference cDNA 
sequence. The two reference sequences of O. basilicum (AF435007 and AF435008) were 
cDNA sequences. Therefore, apart from resolving conflicts, these reference sequences were 
also used to identify intron boundaries. Both gDNA and cDNA sequences were carefully 
studied to identify intron-exon boundaries. The previous research revealed the presence of a 
90bp-long intron in O. tenuiflorum only (Renu et al., 2014). This project, however, includes 
several Ocimum species and their chemotypes, which required detailed study of all contigs 
and consensus sequences.  As shown in the image, each sequence shows more variation 
within the intron region, which resulted in different sizes of intron after they were aligned 
with cDNA reference sequences (Figure 4-16).  
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Figure 4-13: Identifying and removing introns from genomic DNA sequences. Introns were missing from two 
O. basilicum (EOMT and CVOMT) reference sequences, which helped identify introns from an experimental 
set of sequences. Intron-exon boundaries were represented by the bases on either side of each splice site, 
AG/GT and AG/TC  
  
The intron’s presence in various Ocimum species was from position 785 to 887 on all gDNA 
sequences, which accords with O. basilicum cDNA reference sequences as shown in MSA in 
Figure 4-16. The first part of the sequences contains the ‘GTAAATTACT’ base pair pattern 
and the final part has the ‘TACTAAACAG’ bp pattern (with a few exceptions). An entire 
region of this splice site consensus sequence can be seen in Figure 4-17. 
 
 
Figure 4-14: An example of the splice site consensus sequence showing intron boundaries from 679 bp to 
770 bp.  
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Each sequence was studied individually to identify intron boundaries and is represented by 
the ‘AG/GG’ [Figure 4-18 (a)] and ‘AG/TC’ [Figure 4-18 (b)] base pairs. Each consensus 
sequence was studied individually to identify these boundaries. These differences are 
highlighted in Figure 4-18. 
  
Figure 4-15: Representing intron boundaries by aligning gDNA sequences with cDNA sequences. (a) An exon-
intron boundary represented by ‘AG/GT’ base pairs. (b) An intron-exon boundary represented by ‘AG/TC’ 
base pairs, with a few exceptions highlighted in O. basilicum (CVOMT), O. americanum and O. selloi 
 
As a result, from 74 to 103bp-long introns were found in various Ocimum species. Their 
details can be found in Table 4-4. The most diverse range of intron lengths were found within 
O. gratissimum samples (highlighted in Table 4-4). One explanation of the varation in the 
length of intron sequences could be that all samples were collected from multiple locations 
around the world, their details being shown in Table 4-4. The sequences of each species with 
intron details can be found in the Appendix. 
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Table 4-4: The details of various bp-length intron present in various Ocimum sequences 
Sr. No. Ocimum species and 
chemovars 
Intron bp length Sample collection place 
1 O. basilicum (B16) 91 Akamba garden, UK  
2 O. basilicum (G34) 91 Germany 
3 O. citriodorum (G29) 93 Germany 
4 O. kilimandscharicum (G31) 90 Germany 
5 O. selloi (C82) 94 KEW DNA Bank 
6 O. americanum (C85) 91 KEW DNA Bank 
7 O. gratissimum (G30b) 103 Germany 
8 O. gratissimum (C81) 95 KEW DNA Bank 
9 O. gratissimum (G32) 74 Germany 
10 O. tenuiflorum (14092902) 91 UK 
11 O. tenuiflorum (14092903) 91 UK 
12 O. tenuiflorum (14092909) 91 UK 
13 O. tenuiflorum (G26) 91 Germany 
14 O. tenuiflorum (G27) 91 Germany 
15 O. tenuiflorum (G36) 91 Germany 
16 O. tenuiflorum (G37) 91 Germany 
17 O. tenuiflorum (G38) 91 Germany 
18 O. tenuiflorum (G39) 91 Germany 
19 O. tenuiflorum (V86) 91 CAMAG 
20 O. tenuiflorum (V87) 91 CAMAG 
21 O. tenuiflorum (V88) 91 CAMAG 
22 O. tenuiflorum (V92) 93 CAMAG 
23 O. tenuiflorum (V93) 93 CAMAG 
24 O. tenuiflorum (V94) 92 CAMAG 
25 O. tenuiflorum (V98) 91 CAMAG 
26 O. tenuiflorum (V99) 89 CAMAG 
 
Three O. gratissimum samples included in study were aligned with O. basilicum reference 
sequences, which clearly showed the discrepancies within their intron sequences (Figure 4-
19). 
 
 
Figure 4-16: Three O. gratissimum samples (769, 1138 and 744) were aligned with O. basilicum reference 
sequences shown the most diverse range of intron sequences  
 AA alignment using nucleotide sequences 
Naturally occurring DNA sequences were converted into AA sequences where mRNA plays 
an intermediary role. These AA sequences determine the formation of related proteins. As 
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DNA is interpreted in groups of codons (three nucleotides), each DNA sequence has three 
possible forward (as well as reverse) reading frames, as shown in Figure 4-20.  
 
 
Figure 4-17: Standard translation table showing the possibilities of coding sequence translation frame 
choices 
 
The +1-reading frame starts from the first nucleotide, the +2 from the second and the +3 from 
the third. The stop codon is represented by an asterisk insertion at the corresponding position. 
After nucleotide base alignment, each of them was converted into three forward frames of 
AA sequences, among which the second frame was selected for AA alignment (Figure 4-21 
and Figure 4-22). All this experimental AA sequences were aligned with published reference 
AA sequences of O. basilicum (EOMT) and O. basilicum (CVOMT).  
 
 
Figure 4-18: An example of three forward reading frames from a DNA sequence, among which the second 
forward reading frame of each nucleotide sample included in the alignment was selected for AA alignment  
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This AA alignment was edited similarly to the nucleotide alignment, where gaps and AA 
residues were cross-checked, modified and moved according to the reference as well as other 
sequences included in the alignment.  
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Figure 4-19: A process to translate nucleotide sequence into AA sequence (A) the nucleotide sequence that codes for (B) the AA sequence (second reading frame)
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4.3.4.1 Amino acid sequences alignment 
According to Gang et al. (2002), EOMT and CVOMT have evolved from a common ancestral 
gene to act on different substrates including eugenol and chavicol to produce their methyl 
derivatives. Through molecular modelling study, one AA difference at position 261 was 
found to be responsible for substrate discrimination of EOMT and CVOMT enzymes. This 
was further confirmed by site-directed mutagenesis.  
 
For a detailed study of AA sequences, each nucleotide sequence was converted to different 
AA frames. All ORF of gDNA encoded a protein of around 300-400 AA residues. By 
aligning different AA frames, the correct one was selected for alignment. There were several 
modifications made after creating the first alignment. The shift in the reading frame occurred 
because of the incorrect addition of the nucleotide and gaps in the alignment. This type of 
error can be rectified by inspecting the related codons in properly aligned sequences of 
nucleotides to determine the location of mistakes, as shown in Figures 4-23 and 4-24.   
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Figure 4-20: Unmodified AA alignment contains frameshift, stop codon and gaps within AA positions no. 262 to 300 
 
Figure 4-21: Modified AA alignment after removing gaps and cross-checking related nucleotide codons in each coding sequence. The gaps and stop codons from AA 
positions 262 to 300 were successfully removed to make meaningful alignment 
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As soon as the alteration was made, the reading frame began to make sense regarding similar 
or different AA sequences within the variety of Ocimum species. While too many sequences 
were aligned, the results cannot be clearer. Published O. basilicum AA sequences were used 
as a reference during the process of obtaining a clear output.  
 
Indels, insertion or deletion of nucleotides can happen naturally during the evolution of 
species or may appear falsely due to sequencing errors and poor sequence quality. Therefore, 
identifying indels requires the careful study of related sequences. The target sequence was 
compared with several species’ sequences to determine the location of gaps. Two main 
factors were considered during indel correction: one was that indels should not disrupt the 
reading frame, as this could result in gene dysfunction, and the other was that stop codon and 
frame shift should not be present in AA alignments. As the stop codon indicates the 
termination of the translation process, they cannot be present in the middles of sequences and 
alignments. They should be always validated and corrected when possible, in the same way 
that frame shifts were corrected by choosing and modifying the corrected reading frame. A 
suitable reading frames results in a sequence with no stop codon. The final version of this AA 
alignment can be seen in Figure 4-25.
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Figure 4-22: A final version of AA alignment with reference sequences [O. basilicum EOMT (AF435008) and 
O. basilicum CVOMT (AF435007)], containing around 350 AA of each sample included in the alignment 
(according to the Rasmol color scheme) 
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4.3.4.1.1 G37 sample  
After careful study the AA alignment results, the G37 sample was found to show 
resemblances to O. gratissimum EOMT sequences, even though its identity was confirmed as 
O. tenuiflorum. Consequently, the sample was resequenced using trnH-psbA and EOMT 
primer pairs. The next round of results was different from the previous ones: they resolved 
the problem of both trnH-psbA and EOMT sequencing showing similarities to O. tenuiflorum 
sequences. The new and old G37 sample sequence alignment highlighted some differences 
that can be seen in Figure 4-26. 
 
Figure 4-23: An alignment of G37 (old sample mix-up and new pure sample) sequences. The earlier G37 
sample showed resemblances to O. gratissimum EOMT sequence even though it was authenticated as O. 
tenuiflorum. This query was resolved by resequencing the sample using trnH-psbA and EOMT primers. 
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4.3.4.2 AA polymorphism study 
This alignment study was also helpful in finding AA similarities and differences within O. 
tenuiflorum chemotypes along with other species – O. gratissimum, O. basilicum, O. 
citriodorum and O. kilimandscharicum are included in the alignment. As shown in Table 4-5, 
AA positions 90, 93, 98, 178, 194, 206, 299, 340 and 342 were highlighted after checking 
AA variations within different Ocimum species.  
 
- Following Anand et al. (2014), the highest level of ME was found in young leaves of 
O. basilicum, while the eugenol content was abundant in O. gratissimum and O. 
tenuiflorum compared to other Ocimum species. Based on these findings, O. 
gratissimum, O. basilicum sequences and other Ocimum species (including O. 
citriodorum, O. kilimandscharicum, O. selloi, O. americanum) were also included in 
the study along with O. tenuiflorum.  
- The alignment is divided into two groups, one in which Ocimum species other than O. 
tenuiflorum were included, the other in which all O. tenuiflorum chemotypes were 
included. Some AA positions (90, 98, 178, 261 and 299) were highlighted in Table 4-
5, which clearly distinguishes the groups.  
- At Position 98, two O. gratissimum sequences, G32 and C81, showed the presence of 
Arginine AA, while all other species including one O. gratissimum (G30b) sequence 
in Group 2 contained Cysteine AA. This finding supports the previous authentication 
results (Chapter 3) where three types of O. gratissimum sequence were included in an 
alignment study. AA Positions 194 and 299 showed a similar AA polymorphism 
where one O. gratissimum (G30b) sequence stood out compared to the other two (G32 
and C81). At Position 194 and 299, Glutamic Acid and Histidine AA were 
represented by G32 and C81 O. gratissimum sequences respectively, while at both 
positions Glutamine AA was represented by G30b the O. gratissimum sequence type. 
- At Position 206, all O. gratissimum sequences contained Asparagine AA. 
- At Position 98, Cysteine AA was present in all Group 2 sequences apart from two O. 
gratissimum (G32 and C81) samples.  
- At Positions 178 and 240 a single AA, Serine, was present in all the species in Group 
1.               
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In O. tenuiflorum, the levels of methyleugenol were higher than those of eugenol, indicating 
the presence of the active EOMT enzyme. To study the gene structures and relevant protein 
production (especially the EOMT gene in O. tenuiflorum), the sequence study of O. 
tenuiflorum chemotypes have been highlighted in Group 2. These highlighted O. tenuiflorum 
specific AAs are the ones that could be responsible for the EOMT enzyme being more active 
in O. tenuiflorum.  
- At AA Positions 90, 98, 178, 261 and 299 the single AA was present in O. 
tenuiflorum samples. 
- At AA Positions 93, 194, 206, 340 and 342 some discrepancies could be seen within 
O. tenuiflorum samples. 
Table 4-5: Polymorphic AA positions 90, 93, 98, 178, 194, 206, 261, 299, 340 and 342 are highlighted in AA 
alignment. O. basilicum, O. citriodorum, O. americanum, O. kilimandscharicum, O. selloi and O. gratissimum 
were included in Group 1, while all O. tenuiflorum chemotypes were included in Group 2. The differences 
between the two groups were consistent at AA Positions 90, 98, 178, 261 and 299, though some 
discrepancies can be seen at the remaining AA positions 
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Following Gang et al., 2002, there was a single AA difference at Position 261, which was 
responsible for EOMT and CVOMT enzymes’ substrate discrimination (Gang et al., 2002).  
- Based on these results, the AA positions can also be categorised by analysing 
sequence differences in reference O. basilicum positions. As shown in Table 4-6, AA 
Positions 51, 72, 140 and 163 (along with 261) represent the AA difference within 
reference EOMT and CVOMT sequences.  
- An experiment set of data shows a mixed picture where all O. gratissimum and O. 
tenuiflorum sequences represent similar AA apart from Position 140, where the 
G30(b) O. gratissimum sequence represents O. basilicum (CVOMT) type AA.  
- O. basilicum and other Ocimum species including O. americanum, O. 
klimandscharicum, O. citriodorum and O. selloi represent similar AA, while O. 
tenuiflorum and O. gratissimum all have similar AAs in general. 
This observation suggests that all Group 1 sequences are related to the O. basilicum 
(CVOMT) reference sequence, while all O. tenuiflroum and O. gratisssimum sequences apart 
from G30(b) are related to the O. basilicum (EOMT) reference sequence. 
Table 4-6: An example of AA polymorphism at Positions 51, 72, 140, 163 and 261 in AA alignment, where 
two O. basilicum sequences represent different AAs. The differences in the two reference sequences divide 
the alignment into two categories: one where O. basilicum and other Ocimum species including O. 
americanum, O. klimandscharicum, O. citriodorum and O. selloi are related to the O. basilicum (CVOMT) 
reference sequence, while all O. tenuiflorum and O. gratissimum apart from G30(b) are related to the O. 
basilicum (EOMT) reference sequence 
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4.3.4.2.1 O. tenuiflorum EOMT sequences 
Seven chemotypes (from different geographical habitats of peninsular India) of O. 
tenuiflorum EOMT genomic sequences were submitted to the database (Table 4-3) by Renu 
and her team (Renu et al., 2014). As all these sequences were identical and contained no 
variations, they were assembled together to extract one consensus sequence. This single 
consensus sequence was later aligned with the O. tenuiflorum sequences used for this project. 
This alignment was studied to find similarities and differences between experimental and 
published O. tenuiflorum EOMT sequences.  
 
The consensus sequence seemed to match the majority of experimental sample sequences. 
Most samples match the consensus sequence, with the exception of a few minor variations. 
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Figure 4-24: O. tenuiflorum EOMT AA sequence alignment of the published sequences Ot1: EU622042, Ot2: 
EU622043, Ot3: EU622044. Ot5: EU622045, Ot6: EU622046 and Ot7: EU622047, represented as a single 
consensus sequence at the top, and experimental sequences O. tenuiflorum (G27), O. tenuiflorum (G36), O. 
tenuiflorum (G37), O. tenuiflorum (G38), O. tenuiflorum (G39), O. tenuiflorum (V86), O. tenuiflorum (V87), O. 
tenuiflorum (V88), O. tenuiflorum (V92), O. tenuiflorum (V93), O. tenuiflorum (V94), O. tenuiflorum (V98), O. 
tenuiflorum (14092902), O. tenuiflorum (14092903), O. tenuiflorum (14092909), O. tenuiflorum (G26), O. 
tenuiflorum (V99). The differences are highlighted with red rectangles. 
 
The published and experimental sequences are similar at the majority of AA positions (Figure 
4-27). This alignment proved useful when studying some significant polymorphisms between 
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an agreed “core” sequence for the O. tenuiflorum EOMT sequence and the sequences 
included in this study. For example, at AA Positions 194 and 264, major differences can be 
seen between the consensus and experiment sequences, while at AA Positions 68, 79, 93, 
155, 194, 206, 220, 231, 265, 270, 271, 284, 338, 339 and 340 the differences are minor 
(Table 4-7). 
 
Table 4-7: AA polymorphism study between published O. tenuiflorum sequences shown as a single 
consensus sequence in the top row and the experimental O. tenuiflorum sequences included in this study  
 
 
4.3.4.2.2 Eugenol and ME chemotypes within O. tenuiflorum samples 
The O. tenuiflorum AA alignments were carefully studied to identify any AA polymorphisms 
that correlated with the methyleugenol chemotypes of the sample. As described in Schinle et 
al. (2014) the flavonoids of various O. tenuiflorum chemotypes were investigated using the 
HPTLC technique. All these cultivars were divided into chemotypes, Types 1 and 2, 
according to their flavonoid profile. According to test results, those cultivars with a Type 1 
flavonoid profile were also categorised as a high methyleugenol type, while the Type 2 
flavonoid chemotypes were identified as having a high eugenol type. An AA alignment 
shown in Figure 4-28 contains sequences from two Type 2 chemotype samples (286 
(14092903) and 866 (V87) and a sequence from one Type 1 sample (867 (V88) from 
CAMAG. There is no consistent difference (apart from AA Position 141, where one Type 2 
sequence (Sample 286) is different from other two) between the chemotypes, but with the 
small sample size, it was difficult to say this with certainty. 
134 
 
 
 
Figure 4-25: An AA alignment contains two Type 2 flavonoids (286 (14092903) and 866 (V87) sample 
sequences) and one Type 1 flavonoid (867 (V88) sequence) from the CAMAG study. There are no consistent 
differences between these samples apart from the one at AA Position 155 
 
 
In summary, several other comparisons can be made from the AA alignment of EOMT: 
1. Positions that distingish O. tenuiflorum from all the other species are AA position No 
139, 167, 178 and 299. 
2. Positions that vary within O. tenuiflorum correlated with their chemotype. Examples 
are AA Position 155.  
3. Positions that distinguish the O. basilicum cluster including O. basilicum, O. 
americanum, O. citriodorum and O. kilimandscharicum, O. selloi from O. tenuiflorum 
and O. gratisimum. Examples are AA Positions 68, 79 and 98. 
4. The differences in O. basilicum EOMT and O. basilicum CVOMT reference sequence 
positions can be studied in relation to other Ocimum species. Examples are AA 
Positions 51, 72, 134 and 194. 
 Phylogenetic analysis 
Various algorithms including UPGMA (the Unweighted Pair Group Method with Arithmetic 
mean), NJ (Neighbor Joining), FM (Fitch-Margoliash) and ME (Minimum Evolution) are 
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available online which are useful construct a phylogenetic tree. UPGMA is a simple and fast 
method yet categorises organism/species based on overall similarity regardless of their 
evolutionary relationships. In NJ each pair is evaluated, and the sum of all branch lengths is 
calculated and arranged as a tree. It can, however, only produce a tree by avoiding other 
possibilities, and as a result a biased tree is prepared. Both FM and ME observe pair-wise 
distances to the expected distance of a tree. ME has first to calculate external nodes and then 
use it to calculate internal ones. ME therefore stands out among all distance-based algorithm 
methods, yet it is slower than NJ. Web services such as ‘Phylogeny.fr’ that are dedicated to 
reconstructing and analysing phylogenetic relationships, and visualisation apps like Jalview, 
are also available online to prepare phylogenetic trees. 
 
Nucleotide sequences of desired species and deduced AA sequences were used to study site 
by site differences in the tree. Various Ocimum species’ AA sequences were used to prepare 
the phylogenetic tree as shown in Figure 4-29 by using ‘Phylogeny.fr’ platform. ‘Phylogeny 
analysis’ tab contains the range of bioinformatics programs including ‘One click’, ‘Advance’ 
and ‘A la carte’ options are within ‘Phylogeny analysis’ tab. Of these, the ‘A la carte’ mode 
was used to prepare the tree by using experimental data. As shown in Figure 4-29, there is a 
major branch between the O. basilicum group and O. tenuiflorum along with O. gratissimum. 
There is then a sub-branch between O. tenuiflorum and O. gratissimum. By observing this 
tree, these Ocimum species can be divided into three groups. Although each of them coming 
from common ancestor, over the time they develop some interesting characteristics and 
therefore some interesting arrangements can be seen in Figure 4-29. All O. gratissimum 
species sit in first group suggesting some unique features evolved over generations. All O. 
tenuiflorum species sits in second group. Other species including O. americanum, O. 
basilicum, O. citriodorum and O. klimandscharicum made third group showing some close 
relationships with O. basilicum (CVOMT) and O. basilicum (EOMT) reference sequences, 
among which O. americanum shows connection with O. basilicum (CVOMT), while O. selloi 
shows long distant relationship with all other Ocimum species. G34 and B16 O. basilicum 
sequences could be the direct and non-direct descendant of O. basilicum (EOMT).  
 
The tree mainly shows the diversity within the O. tenuiflorum samples, with the majority 
being very similar, but with two or three minor sub-groups.    
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Figure 4-26: Phylogenetic tree construction using Phylogeny analysis tool with ‘A la Carte’ mode in the 
Phylogeny.fr program (with default settings). Phylogenetic relationship of Ocimum species. The length of the 
AA is around 350. AF435007 (O. basilicum CVOMT) and AF435008 (O. basilicum EOMT) (Gang et al., 2002) 
were used as reference sequences (highlighted in the figure) to categorise other Ocimum species into 
relevant groups. Branch lengths are based on the number of amino acid substitutions per site between the 
sequences included in this study. Clusters of sequences showing very strong relationships are represented as 
Groups 1, 2 and 3. Bootstrap values are shown below each node in %. The AA sequences included in this 
analysis are as follows: O. tenuiflorum (G27), O. tenuiflorum (G36), O. tenuiflorum (G37), O. tenuiflorum 
(G38), O. tenuiflorum (G39), O. tenuiflorum (V86), O. tenuiflorum (V87), O. tenuiflorum (V88), O. tenuiflorum 
(V92), O. tenuiflorum (V93), O. tenuiflorum (V94), O. tenuiflorum (V98), O. tenuiflorum (14092902), O. 
tenuiflorum (14092903), O. tenuiflorum (14092909), O. tenuiflorum (G26), O. tenuiflorum (V99), O. 
gratissimum (G32b), O. gratissimum (C81), O. gratissimum (G32), O. basilicum (B16), O. basilicum (G34), O. 
citriodorum (G29), O. kilimandscharicum (G31) O. americanum (C85) and O. selloi (C82). 
4.4 Discussion 
 Obtaining the consensus sequences 
In genetics, studying the target gene has mostly involved its sequence analysis to determine 
the gene’s role in the relevant organism. This project has therefore evolved around the 
targeted OMT gene study, which began by isolating and analysing DNA sequences. DNA 
samples were first obtained from various Ocimum species by using the techniques of 
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molecular biology, then sequence study used a variety of bioinformatics tools. This is another 
approach to the study of relevant genotypes also being used to determine OMT gene 
functions. This perspective provided detailed information regarding the OMT gene structure 
and function in various Ocimum species. 
 
This study includes several cDNA sequences representing potential OMTs with varying 
degrees of similarity to previously published cDNA sequences of O. basilicum (Gang et al., 
2002). With the help of 90 per cent identical reference sequences (O. basilicum EOMT and O. 
basilicum CVOMT), evolutionary relationships to a large family of plant OMTs was studied 
in detail.    
4.4.1.1 DNA quality 
Several precautions were taken while extracting and handling the DNA samples during this 
study. Each sample’s concentration and purity level was measured using a nanodrop 
instrument. The quality of some samples was, however, poor compared to others. O. selloi 
(C82) was one of those whose quality scored comparatively low. As a result, while 
assembling their forward and reverse reads, several conflicts appeared; these were carefully 
resolved before using their consensus DNA sequences for alignment purposes. 
The search for similar regions among different biological sequences was made reliable with 
the help of good-quality sequences. Sequences such as O. selloi were not up to standard, 
however, and it is debatable whether the major differences within alignments are trustworthy. 
However, by aligning poor quality sequences along with reliable O. basilicum reference 
sequences and other good-quality experimental datasets, the sub-optimal alignment results 
can be mitigated.     
4.4.1.2 Various EOMT PCR primers 
As shown in Table 4-1, various primer pairs were constructed in order to obtain the full-
length OMT gene. Some primer sequences were obtained from previous literature (Gang et 
al., 2001; Gang et al., 2002), among which the EOMT primer sequences used in Renu et al. 
(2014) proved useful in successfully identifying the OMT region. Apart from using published 
primer sequences, a number of primers were constructed and used after studying the EOMT 
gene.  
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Among all these primer pairs, the EOMT primer sequences from Renu et al. (2014) were 
found within the GOI sequence as shown in Figure 4-5, although the short amplicons of 
EOMT primers proved unable to efficiently cover the internal region of the OMT sequence. 
The internal primer pair was designed in order to overcome this difficulty. The combination 
of these two-primer pair sequences (EOMT and internal) were used to build a library of all 
EOMT gene consensus sequences. After several modifications in these DNA consensus 
sequences, an AA alignment was prepared in order to study polymorphism within Ocimum 
sequences.       
 Full-length O-methyltransferase gene study 
The main aim of this research was to compare the O-methyltransferase gene sequences in 
closely related Ocimum species. This has been successfully achieved by studying diverse 
Ocimum species including O. tenuiflorum, O. gratissimum, O. basilicum, O. americanum, O. 
kilimandscharicum and O. africanum. Along with studying OMT gene in various Ocimum 
species, this perspective has also been used to study the same gene structure in different 
chemotypes of O. tenuiflorum. 
 
The completion of this project depended entirely on the efficient primers suitable for the 
target gene type. The success of primer design depends mainly on the use of suitable 
software, successfully achieved for this project by using a variety of software including IDT 
primer design. The primer designs for suitable gene types yielded high-quality results and 
proved to be species-specific within the samples tested. They all managed to produce the 
desired size fragments for the majority of Ocimum species types. The details of the published 
DNA sequences play an important role in this type of investigation, as the efficiency of 
specially designed primers depends entirely on the available sequence data types. Due to the 
availability of advanced sequencing facilities, all DNA data will in future be accessible for all 
medicinal and economically important plants which can become pioneers in designing this 
technique. 
 
The primer design is an experimental test that requires DNA as a template. This was used in 
this project in various forms including DNA extracted from fresh plant samples and 
vouchered DNA samples. These results were further tested against a variety of DNA 
templates. Designing and testing different primer pairs and setting suitable thermocycle 
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conditions was a labourious task. Even though the latest primer designing software is 
efficient enough to design effective primer pairs, its can take a long time to settle on the first 
protocol in the laboratory. Introducing primer pairs one by one, good-quality results can be 
achieved by trial and error, where optimisation is required to remove unwanted effects or 
components from the experiment. Once procedures are established, the final protocol could 
be accomplished through step by step guidance.              
 
Renu’s EOMTs was the first set of primers used for this study. The primer sequence and 
thermocycler programme details were taken from Renu et al. (2014). The various Ocimum 
species included in this study gave positive results with these primer pairs, making it the most 
reliable primer pair for this study. They were therefore the first choice of primer pairs when 
any new protocols were introduced in this study. These primer pairs were able to sequence 
the full-length amplicon, but not in sufficient quality along its whole length to guarantee 
confidence in the contig. One more primer pair was thus designed to cover the gene’s internal 
region, as this region was not efficiently covered by Renu’s OMT primers. 
 
The second primer pair called Internal primers (Int-F and Int-R) were designed to provide 
sequence data covering each half of the gene with an overlap in the middle, so that the gene 
sequence comprised good-quality forward and reverse reads along its length. As shown in 
Figure 4-5, they sit neatly in the middle region and cover all internal regions not efficiently 
covered by the EOMT primers. This ‘Nested PCR strategy’ is a modification of PCR that was 
designed to improve sensitivity and specificity. Here, Nested PCR involves the use of two 
primer sets and two successive PCR reactions in the form of EOMT and internal primer pairs. 
 
By designing internal primers, the entire OMT internal region has been successfully covered, 
while most of the external region is covered by EOMT primers. The initial and end regions 
were, however, still not covered by any primer pair. This was absolutely essential in 
preparing full-length OMT cDNA sequences for cloning purposes. To fulfil this requirement 
a third primer pair, OMT-1, which includes the two forward primers EOMT-1 and CVOMT-1, 
as well as OMT-1074 primer pairs, were designed. The details and relevant results can be 
found in the next chapter. 
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 Phylogenetic analysis of OMT gene within various Ocimum species 
The phylogenetic tree was constructed by using all AA sequences included in the alignment, 
along with the two O. basilicum reference sequences EOMT and CVOMT, which represents 
the hypothetical evolutionary relationships among a group of Ocimum species. All AA 
sequences were compared between species and used to build phylogenetic trees. The closely 
related species including all samples within O. tenuiflorum and O. gratissimum showed few 
differences in sequences, while other less-related species contain more sequence differences. 
In other words, there is a common ancestor for all O. tenuiflorum and O. gratissimum species 
as they all arise from the single branch showing 97 per cent bootstrap value (is used to 
estimate the confidence of the branches in a phylogenetic tree). The same can be seen for the 
remaining Ocimum species, which are at the branch point with the common ancestor of the O. 
basilicum (EOMT) sequence. Interestingly, one of the branches represents the O. basilicum 
(CVOMT) sequence, which supports the hypothesis that both EOMT and CVOMT 
sequences evolved from the same gene.  
 
The line leading to the species O. selloi represents the species’ ancestors since it diverged 
from other species in the tree. The genetic distance between all other Ocimum species and O. 
selloi is highest, as the branch’s distance from the O. basilicum (EOMT) sequence is greater 
than any other.   
   
The phylogenetic tree construction is based on the analysis intended to detect intra- and inter-
specific genetic diversity, and on the study of the phylogenetic relationship in the genus 
Ocimum. A tree has been divided into different groups in order to determine the genetic base 
and phylogenetic status of the Ocimum species. All O. gratissimum species form a first 
group, all O. tenuiflorum sequences form the second, with the variety in percentages being 
similar between the two. More than half of the sequences in these groups have a bootstrap 
value of around 50 per cent. All other Ocimum species display a similarity with the O. 
basilicum (CVOMT) reference sequence, while O. selloi stood out as different from all other 
Ocimum sequences. O. basilicum (G34) and O. basilicum (B16) sequences have higher and 
lower bootstrap values respectively than the O. basilicum (CVOMT) reference sequence. It 
must be born in mind that predicting results on the basis of bootstrap values is not reliable, as 
all genes are continuously undergoing evolution. High bootstrap values supporting a 
phylogenetic tree structure, although researchers favour discussing low bootstrap values to 
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reinforce the claim that a particular taxon is not well supported by a particular set of data 
(Wiesemüller and Rothe, 2006).   
 
Gang et al., 2002 suggest that there are two genes in O. basilicum – the EOMT and CVOMT 
types. The experimental data show that the genes in related species such as O. citriodorum 
and O. kilimandscharicum code for the EOMT gene (as per the AA alignment, Serine AA is 
at Position 261 as described in Table 4-6), while O. americanum has Phenylalanine AA at 
Position 261, as per the O. basilicum (CVOMT) sequence. Phylogenetic analysis also 
supported this set of data.  
 The key discoveries of sequence analysis 
It was observed in the literature study that very few research findings are available regarding 
the role of target secondary metabolites (eugenol, chavicol and their methyl derivatives) in 
Ocimum, and some of their metabolite pathway steps have still not been determined. Gang et 
al. (2002) also identify two different enzymes with some shared characteristics, EOMT and 
CVOMT, which are responsible for this methylation process, as well as isolating related 
genes. They also mention the ratios of these two compounds, which are dissimilar in different 
Ocimum types. Moreover, young and old leaves contain both high and low levels of these 
compounds. Based on these findings, different Ocimum species were collected for this project 
in order to analyse their sequences to discover the factors affecting the production of 
secondary metabolites in each Tulsi type. As these two enzymes are similar to each other, 
their chemical separation is difficult (Wang, 1999), which leads the present research towards 
a molecular analysis of these enzymes. They are mainly produced in the glandular trichomes 
present on leaves and the stem of Ocimum plants. There is the possibility that two 
polypeptides are involved in the methylation of eugenol and chavicol. The study of these 
polypeptide sequences is the main means by which to identify the activity of these enzymes. 
Besides analysing their sequences, they were further cloned in E. coli bacteria to study their 
protein production levels. 
The summary of the sequence analysis and phylogenetic data divided all sequences into two 
groups, one including all O. tenuiflorum sequences, the other including sequences 
representing different Ocimum species (O. gratissimum, O. selloi, O. citriodorum, O. 
kilimandscharicum, O. americanum and O. basilicum). This result data has reveled the 
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possibility that different amino acid sequences could be responsible for different enzyme 
activities in the different Ocimum species. 
 Combination of sequence analysis and phylogenetic study 
A number of characteristic features distinguishing Ocimum species can be identified by 
combining the sequence alignment findings and phylogenetic analysis. The distantly related 
O. selloi position on the phylogenetic tree and the sequencing results are compatible. Many 
discrepancies within AA arrangements were observed while comparing the O. selloi sequence 
with others and the phylogenetic tree also related it distantly to other Ocimum species. A total 
of four O. basilicum species were included in the alignment, where O. basilicum (EOMT) and 
O. basilicum (CVOMT) were reference sequences (Gang et al., 2002). Both experimental O. 
basilicum species, B16 and G34, were identical to the reference CVOMT sequence, apart 
from AA position 261. This confirms their position on the phylogenetic tree, where they 
resemble the O. basilicum CVOMT sequence. The finding of this research is different from 
Gang et al., 2002, as there was no O. basilicum sequence representing the EOMT gene; 
rather, both B16 and G34 O. basilicum sequences resembled the O. basilicum CVOMT gene. 
O. americanum was the only species sequence that represented phenylalanine AA at position 
261, and therefore it could reliably be identified as a CVOMT gene. 
           
4.5 Conclusion 
As described earlier, the peltate glands of basil leaves are major producers of 
phenylpropanoids. The steps in the biosynthetic pathway that produce these 
phenylpropanoids have not been thoroughly investigated (Gang et al., 2001). Therefore, two 
different cDNA sequences of EOMT and CVOMT were earlier isolated from different basil 
lines. These two cDNAs were expressed in bacteria to produce the relevant proteins. The 
difference of one AA (EOMT - S261 and CVOMT - F260) was also confirmed through site-
directed mutagenesis (Gang et al., 2002). EOMT genomic and cDNA sequence activities 
were subsequently investigated in O. tenuiflorum chemotypes (Renu et al., 2016). Recent 
biochemical studies have demonstrated how these enzymes can modulate the levels of 
phenylpropanoids in O. gratissimum, O. basilicum and O. tenuiflorum species (Anand et al., 
2016). 
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In this way, all previous studies have only included certain Ocimum varieties, while the 
present research involves several Ocimum species and their varieties. The novel finding of the 
experimental dataset is the identification of numerous Ocimum cDNA sequences at the same 
time by preparing meaningful alignment result outputs. 
 
The results presented in this chapter demonstrate the characterisation of phenylpropanoid 
biosynthetic enzymes, EOMT and CVOMT, through a range of cDNA sequences. A detailed 
analysis of their AA sequences represented in the alignment suggest that the Ocimum species 
included in this experiment could be capable of synthesising the target phenylpropenes, and 
that their sequences play an important role to study related pathways. Around two thirds of 
the sequences from the alignment were similar to the EOMT sequence, while the remainder 
was likely to be represented the CVOMT sequence. The similarity between O. tenuiflorum 
and O. gratissimum raises the possibility that one prominent EOMT gene is present in all 
Ocimum sequences, and that is converted into a different enzyme during the process of 
evolution or due to some other factor, or that the same EOMT enzyme behaves differently in 
the presence of different substrates. In other words, the way EOMT converts eugenol into 
methyl eugenol could mean that it also converts chavicol into estragole, though possibly not 
as efficiently as CVOMT. The CVOMT enzyme is also present in the Ocimum species, again 
possibly with the exception of O. tenuiflorum and O. gratissimum. 
 
 Further work 
AA similarities and differences studied during this project could be correlated to high and 
low contents of eugenol, ME, chavicol and estragole in the respective species and their 
chemotypes. This remarkable AA polymorphism details could be further used to study 
extensive transcriptional reprogramming of EOMT and CVOMT enzymes at pre-flowering 
and post-flowering stages. 
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5 Acquisition and cloning of full length 
cDNAs representing OMT genes from 
different Ocimum species 
5.1 Introduction 
 O-methyltransferase enzymes (comparisons of EOMT and CVOMT enzymes) 
O-methyltransferase enzymes protect plants against pathogen attack by inducing lignin 
synthesis (Pichersky and Gang, 2000). This group of enzymes methylated several secondary 
metabolites including flavonoids and phenylpropanoids (Gang et al., 2001). Among them, 
eugenol, chavicol and their methyl derivatives are present in essential oils of the Lamiaceae 
family plants (Lange et al., 2000; Jirovetz et al., 2003 and Viña and Murillo, 2003). They use 
S-adenosyl-L-methionine as the methyl donor during the methylation process. Both EOMT 
and CVOMT enzymes share striking similarities. In O. basilicum, genomic DNAs have 843 
bp ORFs and 90 bp long introns, both genes’ expression level peaks in young leaves and is 
reduced in mature ones. Their 40 kDA proteins are generally stable below 36◦C (Wang and 
Pichersky, 1998; Renu et al., 2014). The activation of one enzyme results in a high level of 
its methyl derivatives. In other words, an expression of the EOMT enzyme is responsible for 
methyl eugenol while the CVOMT enzyme is responsible for estragole production. This 
finding indicates an activity of two different O-methyltransferase enzymes, though it depends 
on substrate availability and specificity within different Ocimum species and their relevant 
chemotypes (Gang et al., 2002). 
 
Eugenol and chavicol compounds are methylated by two different though closely related 
enzymes, EOMT and CVOMT. A single AA difference (Ser-261 in EOMT and Phe-260 in 
CVOMT) has appeared to be responsible for these enzymes’ substrate preference. Gang et al. 
(2002) indicate that the ratio of EOMT and CVOMT enzyme activities were not same between 
different sweet basil varieties. It is not clear, however, whether CVOMT has evolved from 
EOMT or vice versa. To determine this requires further analysis of these two enzymes within 
different Ocimum species. 
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 Overview of DNA cloning 
Researchers can use bacteria to make multiple copies of a Gene of Interest (GOI). The 
selected gene is inserted into a plasmid by a ligation process with or without the use of 
restriction enzymes (REs). This plasmid is then inserted into a host-like bacteria where many 
copies of its GOI are produced. This process is called DNA cloning (Figure 5-1). With the 
help of selection methods (mainly antibiotic resistance assays), the bacteria colonies are 
screened to check the presence of the GOI (Reece et al., 2011). There are several techniques 
available to screen colonies (see Section 5.2.1.6 for more details). Once a gene’s presence in 
a colony has been confirmed, a larger culture is produced to make the desired protein or 
plasmids. Colony screening requires special attention, because when a GOI is cut and pasted 
into a plasmid using RE, it can be inserted either into the right or wrong orientation. The 
plasmid sometimes closes without taking the GOI, too.  
 
 
Figure 5-1: Molecular cloning of recombinant DNA in E. coli (Ref.: https://www.mun.ca/biology/scarr/Gr12-
05.html) 
DNA cloning can be divided into three main steps: 
1. Preparing DNA fragments 
A DNA fragment has been digested by suitable RE to add short, single-stranded 
overhangs at each end. This same overhang sequence has been added to the desired 
plasmid. Later, when two molecules with the same overhangs come together, they can be 
joined by using the DNA ligase. 
2. Transformation and antibiotic selection 
During the transformation process bacteria cells are given a shock through heat shock 
treatment or electroporation to encourage them to accept foreign DNA. Once the plasmid 
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with a GOI is inserted into a bacterium, it can be recognised through the antibiotic 
selection process. As the plasmid contains the selected antibiotic resistance gene, the 
bacteria that took up the plasmid can survive in the presence of this antibiotic while 
others without the plasmid die. At the end of the process, multiple colonies containing the 
plasmid with the GOI are produced. 
3. Protein production 
Once the colony with the correct GOI has been identified, the particular colony with the 
plasmid can be grown in large cultures. When the desired quantity of culture has been 
gowned, the target protein can be produced by giving the bacteria a termination signal 
using relevant chemical. 
 Escherichia coli (E. coli) as a model system 
Baculovirus and yeast expression systems are hugely popular due to the close resemblance 
between the processing and transportation properties of expressed proteins to that of 
mammalian cells (Ikeda et al., 2006; Renu et al., 2014). Post-translational modification 
involves some fundamental steps including the folding and regulating of proteins, their 
targeting towards relevant subcellular compartments and the regulation of catalytic activity if 
protein acts as an enzyme or if managing the protein signalling function is associated with 
signal transduction pathways (Gomord and Faye, 2004). Of all hosts, E. coli seems to be the 
most convenient and easily available bacterial host system that is useful for expressing the 
majority of plant proteins (Hartley, 2006).  An immense catalogue of expression plasmids, 
many cultivation strategies and readily available engineered strains makes this organism the 
most popular expression platform for the high-level production of heterologous proteins. 
High yields of many plant enzymes (Carvajal-Vallejos et al., 2007), some of the plant 
membrane proteins (Uozumi et al., 2000) and small plant proteins with a fusion partner 
(Murphy et l., 1997) can be obtained by using the E. coli system. In short, E. coli is an ideal 
expression system, with well-established protocols of the majority of recombinant proteins. 
Protein production has been affected by several factors, mainly by host type.  
 
 Cloning technologies for protein expression 
Researchers use a variety of tools and techniques that help isolate ranges of proteins to design 
cloning and expression protocols. As described in the field of cell biology, an understanding 
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of proteins is linked with the study of gene expression. The three-dimensional structure of 
proteins has been determined by the sequence of AA. The study of protein structure helps to 
understand their action. It links to the gene expressed in a particular cell which determines its 
function. The available literature and online sharing tools enable scientists to overcome 
difficulties and produce proteins on a large scale. However, the selection of a suitable 
expression system that can produce the right size of protein at such a scale is a challenging 
task. The ideal expression system should produce a large number of proteins, grow quickly 
and incorporate easy protocols. Bacteria, insects, yeasts, plants and mammals comprise 
distinct expression systems when used for research purposes (Saluta and Bell, 1998).  
 
1. Yeast cells 
Even though prokaryotic systems are widely used as an expression platform, the yeast 
system is a powerful means of producing certain proteins. Yet yeast demands the 
allocation of much more time and effort than bacteria. The final product produced by the 
yeast system is different to bacteria, as it has capability to secrete, process and modify 
proteins. 
 
2. Insect/Baculovirus cells 
The protein produce using this cell line is highly expressed and contains disulphide bands 
that are efficiently generated. It can provide the majority of post-translation modifications 
found in mammalian cells. 
 
3. Mammalian cells 
The mammalian cell expression system can recognise the signals for secretion, processing 
and synthesis of the majority of eukaryotic proteins. Post-translational modifications and 
protein folding are the main characteristics of the recombinant proteins produced by the 
mammalian expression system. These characteristics are important to complete each 
biological activity. Most of the pharmaceutical industry’s products are therefore produced 
through the mammalian expression system.  
 
4. Cell-Free Protein Expression  
This expression method uses no living organisms to produce protein. Rather, it relies on 
the readymade biological machinery in a cell-free system. The main advantage of using 
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this system is that there is no need to maintain the cell’s viability, though toxins can be 
produced.  
 
A detailed knowledge of targeted proteins is fundamental to designing cloning strategies. The 
proteins must be purified from relevant recombinant sources. Protein purification is a 
laborious task compared to designing genome sequences. There are several difficulties 
involved, including designing the right gene sequence, inserting it into the host in the correct 
orientation, using appropriate inducers and synthesising the amounts of proteins needed for 
careful implementation to obtain the desired recombinant protein. Scientists therefore prefer 
to work in parallel by designing multiple protocols at the same time (Hartley, 2006). 
5.1.4.1 E. coli expression systems  
IPTG (Isopropyl β-D-1-thiogalactopyranoside) is a popular induction agent in molecular 
biology. This compound is a molecular mimic of allolactose, a lactose metabolite that triggers 
transcription of the lac operon, and it is therefore used to induce protein expression where the 
gene is under the control of the lac operator and hence is used to induce protein expression in 
E. coli. This is the most commonly used technique in protein expression assays to produce 
recombinant proteins in bacteria. A modified lac operon system has been engineered in 
commercial E. coli system with the gene coding for T7 RNA polymerase. During IPTG 
induction this lac repressor protein becomes inactive, allowing T7 RNA polymerase to 
initiate the process of transcription and translation. In some E. coli expression systems, the 
gene coding for T7 lysozyme has also fallen out, which reduces background expression levels 
prior to protein induction. The IPTG-induced gene expression system is illustrated in Figure 
5-2.    
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Figure 5-2: Illustration of IPTG-induced gene expression (Ref.: Novagen pET expression manual) 
 The aim of the chapter 
This chapter initially aims to obtain full length OMT cDNA sequences from the O. 
tenuiflorum, O. gratissimum and O. basilicum species. Later, these sequences representing 
OMT genes will be successfully cloned in E. coli to study the OMT gene from different 
Ocimum species.  
5.2 Materials and methods 
The material, procedure and methods described in this section are specific to this chapter 
only. General material and method details can be found in Chapter 2. Additional details can 
be found in Appendix at the end of this document. 
 pGEM vector cloning 
The pGEM®-T Easy vector (Catalog No. - A1360, Promega) strain was used to carry out an 
initial part of cloning strategies (See figure 5-3). 
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Figure 5-3: pGEM®-T Easy vector map 
5.2.1.1 Fresh Ocimum samples 
For RNA isolation, young leaves were harvested from authenticated Ocimum plants growing 
in De Montfort University’s greenhouse. RNeasy Plant Mini Kit (Qiegen, 2012) was used to 
extract RNA, the Thermo Scientific - TURBO DNA-free™ Kit (Catalog number:  AM1907) 
was used to remove traces of genomic DNA and the Bioline SensiFAST cDNA synthesis kit 
(Cat. No. BIO-65053) was used to synthesise the cDNA.  
5.2.1.2 RNA extraction and cDNA synthesis gene-specific primer design 
Total RNA was extracted from young Ocimum leaves and cDNA was synthesised (as 
described in Chapter 2) using gene-specific primers. To design these primers, nucleotide 
sequences were aligned to identify conserved regions of related sequences. Three primers 
were designed to cover the EOMT and CVOMT gene full sequences (Table 5-1). 
 
Table 5-1: EOMT-F-1 and CVOMT-F-1; OMT-R-1074 primers.  
EOMT-F-1 5′-ATGGCATTGCAAAAAGTAGA-3′ 
CVOMT-F-1 5′-ATGGCATTGCAAAATATGGA-3′ 
OMT-R-1074 5′-TTAAGGATAAGCCTCTATGAG-3′ 
 
The thermocycler programme conditions for cDNA synthesis were 25°C for 10 minutes, 
42°C for 15, 48°C for 15, 85°C for 5 and 4°C hold. All cDNA products were visualised using 
2% w/v agarose gel. 
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5.2.1.3 Cloning strategy 
The E. coli (Cambio Ltd., Cat. No. EC10005) strain has been used to prepare 
electrocompetent cells by using the protocol described in following section.   
5.2.1.3.1 Preparation of Electrocompetent E. coli 
The fresh colonies were grown from existing strains using LB plates. One of these colonies 
was selected to inoculate 5ml of liquid LB in a 15ml tube. The tube was placed on a shaking 
incubator at 37°C overnight at a speed of 220rpm. Next day the bacteria cells were collected 
by centrifuging at 3500rpm for 10 minutes. Supernatant was discarded, and the pellet was 
resuspended in 1ml of ice-cold water three times, then in 10 per cent glycerol (Cat. No. - 
G5516 Sigma Glycerol) wash. The pellet was stored in approximately 100μl of glycerol and 
stored at -80°C. 
5.2.1.4 Ligation and cloning of cDNA fragments to pGEM-T Easy vector 
An Adenine (A) residue was attached to the 3’ PCR products incubating at 72°C, along with 
TAQ DNA polymerase and the dNTPs for 30 min. The product size was then run on gel to 
check the fragment size. This fragment was then purified as described in Section 2.8. For the 
ligation process, the a-tailed PCR product was incubated overnight at 4°C with the pGEM-T 
Easy vector (Catalogue No.: A1360), following manufacturer’s guidelines (LigaFast™ Rapid 
DNA Ligation System, Cat. No. - M8221) in a 10 μl final volume. The electroporation 
process was carried out using 20 μl of electrocompetent E. coli (Cat. No. EC100, Cambio 
Ltd.bacteria) cells and a 2 μl vector/ligation product.  
  
The mixture was transferred to a 1mm gap-size cuvette (VWR Electroporation cuvettes Cat. 
No. 732-1135/ catalogue no. ECN:732-1135, 20 - 90 µl). The electroporator (Bio-rad, The 
Gene Pulser Xcell™ system in BTG lab) was set at 1.18v for bacteria according to the 
manufacturer’s instructions. After removing the cuvette from the electroporator, 1ml of SOC 
medium (Cat. No. - S1797 Sigma SOC Medium) was immediately added to recover the 
bacteria from shock. This mixture was then transferred to a shaking incubator at 220rpm for 
an hour at 37°C. A total of four aliquots, 100μl, 150μl, 200μl and a final, concentrated one, 
were plated on LB (Cat. No. L3522 - Sigma LB Broth (Miller) plates by spreading the 
solution using a plate spreader. The plates were left in an incubator overnight at 37°C. The 
152 
 
next day selected colonies were screened using gene-specific primers to check the GOI 
insertion in the bacteria. 
5.2.1.5 LB plate preparation 
A mixture of suitable amounts of LB powder (Cat. No. L3522 - Sigma LB Broth (Miller) 
Powder microbial growth medium), agar (Agar No. 4 Plant Tissue Culture Grade Product 
Code: MC029, Lab MTM) and double distilled water was weighed and autoclaved with a 
loosened cap. When the liquid’s temperature was hand hot, suitable antibiotics were added in 
a sterile environment. LB plates containing 100μg/ml ampicillin (Cat. No. - A9518-5G 
Ampicillin sodium salt), 0.1 M IPTG (isopropyl/-Dthiogalactoside) (Cat. No. - I6758 Sigma-
Aldrich IPTG; Cat. No. - BIO-37036 IPTG) and 20mg/ml X-Gal (Cat. No. - B4252 Sigma-
Aldrich 5-Bromo-4-chloro-3-indolyl β-D-galactopyranoside) were used for growing E. coli 
electroporated bacteria. Around 25μl of this liquid was poured into petri dishes and left to dry 
for 20-30 minutes. The labelled and parafilm petri dishes were stored at 4°C.    
5.2.1.6 Colony screening 
After overnight incubation on LB and antibiotic plates, white colonies were selected and 
picked using pipette tips. The tip was rolled on fresh LB plate to produce more colonies, and 
the same tip was dipped in 50μl ddH2O which was then used to amplify GOI using suitable 
primers through PCR. Primers, whether insert-specific (EOMT, internal primers), vector-
specific (M13) or sometimes both, were used to screen the colonies. The thermocycler 
programme for M13 primers was an initial denaturation of two minutes at 94°C, 35 cycles of 
denaturation (94°C for 30 seconds), annealing (55°C for 30 seconds) and extension (72°C for 
45 seconds), with a final extension at 72°C for two minutes. 5μl of amplification products 
were analysed on a 2 per cent agarose gel. 
 
The thermocycler programme conditions for gene specific primers EOMT-F-1, CVOMT-F-1 
and OMT-R-1074 were 94°C for two minutes for initial denaturation, followed by 94°C for  
30 seconds,  52.6°C  for  30  seconds,  72°C  for  45  seconds for  35  cycles, and a final  
extension step  set  at  72°C  for  two  minutes. Other gene-specific primers including EOMT 
and Internal primer pair’s PCR conditions can be found in Chapter 4 M&M section.    
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5.2.1.7 Mini prep Plasmid DNA 
A single colony was used to incubate in a 5ml LB medium containing suitable antibiotics and 
was kept overnight at 37°C on a shaker (250rpm). Next day this culture was centrifuged at 
3000-4000 rpm for 10 mins. The plasmid DNA sample was collected in 50μl of elution buffer 
following the manufaturer’s guidelines (QIAprep® Miniprep purification of high-copy 
plasmids, 2015). 
5.2.1.8 Sequencing 
After identifying positive colonies through PCR (with gene-specific and vector-specific 
primers (the PCR condition can be found in Section 5.2.1.6), relevant plasmid samples were 
sent for sequencing. Sequencing results could confirm the presence of GOI, correct 
orientation and junctions between the GOI and the plasmid. 
 Preparing PCR products using G-blocks 
G-Blocks were also designed to be used in the transformation process. Two restriction sites 
(EcoR1 and Nhe1) along with poly A tails were added to prepare four G-blocks. In the first 
instance, pGEM-T easy vector was used, where two REs were suitable: Not1 (Promega, 
Catalog No.: R6431) and Ecor1 (Promega, Catalog No.: R6011). Later, pGEM was replaced 
with the pET expression vector where Not1 was replaced with Nhe1 (Promega, Catalog No.: 
R6501). When the G-blocks were designed, all these restriction sites were therefore placed 
together as shown in Figure 5-4 and Figure 5-5) by designing a specific primer pair to make 
the fragment compatible with suitable vectors.   
 
Poly A tail +Not1 + GOI + Ecor1+ Poly A tail  
Figure 5-4: G-block design with relevant restriction enzymes and poly A tail (suitable for pGEM) 
 
Poly A tail +Nhe1 + GOI + Ecor1+ Poly A tail 
Figure 5-5: G-block design with modified restriction enzymes and poly A tail (suitable for pET) 
 
A total of four G-block (gBlocks® Gene Fragments, IDT) were designed: 
1. O. basilicum EOMT (from published sequence) 
2. O. basilicum CVOMT (from published sequence) 
3. O. tenuiflorum EOMT (from experiment sequence) 
4. O. gratissimum CVOMT (from experiment sequence) 
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Full G-block sequence details can be found in Appendix. 
 
O. basilicum EOMT (AF435008) and O. basilicum CVOMT (AF435007) sequences were 
obtained from the NCBI database.  
 
As discussed in Chapter 4, a nucleotide alignment was prepared containing different Ocimum 
sequences. The remaining two G-blocks, O. tenuiflorum and O. gratissimum were designed 
using these nucleotide alignments. The full-length DNA sequences of O. tenuiflorum and O. 
gratissimum are available in Appendix. 
 pET vector cloning 
pET-28a (+) vector (Catalog No. – 69864-3, Merck) strain was used to design protein 
expression assays (Figure 5-6). 
 
Figure 5-6: pET-28a(+) Vector Map 
5.2.3.1 Preparing G-blocks for PCR using pET primers 
G-blocks were diluted as follows to create 1/10, 1/100, 1/500 and 1/1000 dilutions, and 1/500 
G-blocks were eventually used for PCR with newly designed pET primers (Table 5-3). The 
thermocycler programme was set at 94°C for two minutes for initial denaturation, 94°C for 
30 seconds, followed by five cycles of denaturation at 48°C, then 30 cycles of denaturation at 
58°C, 72°C for 45 seconds, with the final extension step set at 72°C for two minutes. All 
PCR products were visualised using 2% w/v agarose gel.  
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5.2.3.2 PCR purification 
After replacing RE sites using pET primers, PCR reactions were purified using a QIAquick 
PCR Purification Kit (Qiagen, Cat No./ID: 28104). 
5.2.3.3 Restriction digestion of Gene of Interest (GOI) and vector 
After adding pET cloning sites through PCR, all four G-blocks were digested with Nhe1 and 
Ecor1. 20µl of reaction volume was prepared by using 2µl 10X NEBuffer, 0.2µl BSA, 0.5µl 
Nhe1, 0.5µl Ecor1 and 1µg PCR product. The digested reaction samples were incubated at 
37°C for an hour and all products were analysed by agarose gel electrophoresis. Afterwards, 
the right size bands were gel-purified using the QIAquick Gel Extraction Kit (Cat 
No./ID: 28704).  
5.2.3.4 Preparing the ligation product 
The pGEM ligation kit (Promega, Catalog number: A1360) was used for pET vector ligation 
where the pGEM vector was used as a positive vector. Digested G-blocks’ PCR products 
were used as a template for the ligation process. The latter were prepared using the 
manufacturer’s instructions, with a total volume of 20μl.  
 
Apart from using 50mg/mL of Kanamycin (Cat. No. - K0254 Sigma Kanamycin solution 
from Streptomyces kanamyceticus) to prepare LB plates, all transformation steps were 
carried out as per pGEM electroporation (see Section 5.2.1).     
5.2.3.5 pET colony screening 
T7 promoter and T7 reverse primer pairs were used to detect if the full-length sequence had 
been inserted into the pET vector. The gene-specific primers EOMT, EOMT (1-1074) and 
Internal primers, alone or in combination with T7 primers, were also used to screen colonies.  
 
There were two thermocycler programmes designed for PCR reaction with specially designed 
pET vector primers. The thermocycler programme was first set with two annealing 
temperatures: 48°C for an initial five cycles, then 58°C for 30 cycles, while for the second 
PCR programme only one annealing temperature of 58°C was set. The complete PCR 
programme is described in Table 5-2. 
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Table 5-2: Different thermocycler programmes designed for pET primers 
pET primers PCR program Thermocycler conditions 
Thermocycler programme 1 An initial denaturation of 2 minutes at 94°C, 5 
cycles of denaturation (94°C for  
30 seconds), annealing (48°C for 30 seconds) 
and extension (72°C for 45 seconds); followed 
by 30 cycles of denaturation (94°C for 30 
seconds), annealing (58°C for 30 seconds) and 
extension (72°C for 45 seconds); final extension 
of 72°C for 2 minutes. 
Thermocycler programme 2 An initial denaturation of 2 minutes at 94°C,  
35 cycles of denaturation (94°C for 30 seconds), 
annealing (58°C for 30 seconds) and extension 
(72°C for 45 seconds); final extension of 72°C 
for 2 minutes. 
  
 
Finally, thermocycler programme 1 was selected for pET primers.  
 
T7 primers details can be found in table 5-3.  
 
Table 5-3: Vector-specific and gene-specific primer list 
Primers used for 
pET colony screening 
Sequence Thermocycler 
programme 
pET_EOMT-F AAAAAAGCTAGCATGGCATTGCAAAAAGTA An initial denaturation of 2 
minutes at 94°C, 5 cycles 
of denaturation (94°C for 
30 seconds), annealing 
(48°C for 30 seconds) and 
extension (72°C for 45 
seconds); followed by 30 
cycles of denaturation 
(94°C for 30 seconds), 
annealing (58°C for 30 
seconds) and extension 
(72°C for 45 seconds); final 
extension of 72°C for 2 
minutes. 
pET_CVOMT-F AAAAAAGCTAGCATGGCATTGCAAAATATG 
pET_OMT-R TTTTTTGAATTCTTAAGGATAAGCCTCTAT 
T7_promoter TAATACGACTCACTATAG An initial denaturation of 2 
minutes at 94°C, 35 cycles 
of denaturation (94°C for 
30 seconds), annealing 
(53°C for 30 seconds) and 
extension (72°C for 45 
seconds); final extension of 
72°C for 2 minutes. 
T7_terminator GCTAGTTATTGCTCAGCGG 
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Amplification products (5μl) were analysed on a 2% w/v agarose gel. Positive colonies were 
grown overnight in 5ml of liquid LB for preparing plasmid DNA samples. The plasmid DNA 
were sent to sequence to check the correct orientation of gene ligate into the vector. 
 Sequence analysis 
The CLC bio main workbench (CLC bio, Massachusetts USA) was used to study sequences 
of both pGEM and pET colony screening. Additionally, the NCBI BLAST search tool was 
used to identify the relevant gene presence in the colony. Gene orientation was also checked 
using reference/published EOMT and CVOMT sequences.   
 IPTG Assay 
5ml of liquid culture containing LB and 50mg/mL Kanamycin was inoculated with selected 
colonies streaked onto fresh LB plates with 50mg/mL of Kanamycin). This culture was 
incubated overnight at 37°C in a shaker set at 220rpm. The next day 200µl of this culture was 
used to inoculate 20mL of fresh LB culture. When a cultural density of 0.4 to 0.5 OD600 was 
reached using a spectrophotometer, protein expression was induced by 0.3mM IPTG. This 
culture was kept overnight on a shaker at 220rpm at 20°C. The next day, the cell pellet was 
collected by centrifugation at 3,500 rpm for 10 minutes at 4°C and stored at -20°C. The lysis 
buffer was prepared, containing 10% Glycerol, 50mM bis-Tris, 1mM EDTA, 14mM 2-
mercaptoethanol, 10mM NaCl and 1µg/mL lysozyme in 500 µl solution. The lysed cells were 
then incubated for 20 minutes on ice and liquid nitrogen and thawed a couple of times. The 
centrifugation was carried out at 13,000 rpm for 10 minutes at 4°C to remove the cell debris. 
Further purification and enzymatic assays were designed using this crude bacterial lysate.  
5.3 Result 
 Primers covering initial and end parts of the OMT gene region 
The majority of young Ocimum leaves were collected for the RNA extraction procedure as 
described in Section 2.4). cDNA containing partial sequences of the OMT gene was 
synthesised from this extracted RNA by using PCR specific primers. NCBI BLAST search 
tool was used to identify similar sequences. As discussed earlier, two published OMT 
sequences were obtained from the database: O. basilicum EOMT (AF435008) and O. 
basilicum CVOMT (AF435007). These sequences contain the ATG start codon and the STOP 
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codon. After aligning these reference sequences with other experimental sequences, 
differences in the nucleotide sequence were noticed in the beginning part of the sequences. 
As shown in figure 5-7, a difference of three bases can be seen between the initial EOMT and 
CVOMT sequences. This is why two forward primers were designed (see table 5-4), each of 
which can anneal to the first parts of these sequences.   
 
Figure 5-7: The base pair differences between the first parts of the published O. basilicum EOMT and CVOMT 
sequences. Arrows show the difference in the nucleotides sequence between the two OMTs 
 
Yet no differences were noted at the 5′ end. Therefore, only one reverse primer, which can 
anneal to both reference sequences, was therefore designed. The reverse primer sequence is 
detailed in table 5-4. 
Table 5-4: EOMT and CVOMT forward primers (called EOMT-F-1 and CVOMT-F-1), OMT reverse primer 
(called OMT-R-1074) 
EOMT-F-1 5′-ATGGCATTGCAAAAAGTAGA-3′ 
CVOMT-F-1 5′-ATGGCATTGCAAAATATGGA-3′ 
OMT-R-1074 5′-TTAAGGATAAGCCTCTATGAG-3′ 
 
Using the two set of forward primers and the reverse primer, the full lengths (about 1,100bp) 
of both CVOMT and EOMT were amplified using genomic DNA from different Ocimum 
samples. Figure 5-8 shows that it was possible to obtain the full length of EOMT sequence 
from O. gratissimum (lane 2) and O. basilicum (lane 3) using the EOMT-F-1 and OMT-R 
primer pair, while the full length of CVOMT sequence from O. kilimandscharicum (lane 4), 
O. basilicum (lane 5) and O. americanum (lane 6) using the CVOMT-F-1 and OMT-R primer 
pair. The band was present for positive control (lane 1), and no bands were visible in the 
negative control (lane 7).  
   
Figure 5-8: PCR analysis of different Ocimum genomic DNA samples using EOMT-F-1 and CVOMT-F-1 in 
combination with the OMT-R-1074 primer pair. L: DNA ladder; Lane 1: positive control; Lane 2: O. 
gratissimum; Lane 3: O. basilicum samples as template with EOMTF-1 and OMT-R primers; Lane 4: O. 
kilimandscharicum; Lane 5: O. basilicum; Lane 6: O. americanum DNA samples as template with CVOMT-F-1 
and OMT-R primer pairs; Lane 7: negative control 
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 pGEM vector cloning 
5.3.2.1 RNA extraction from O. tenuiflorum species 
Two RNA samples were isolated from an O. tenuiflorum plant. The 260/280 ratio checked 
with the nanodrop was 0.176 and 0.116 respectively. The quality of the RNA was also 
checked by running 5ul of RNA with loading dye (1:5 ratio) on 1% w/v agarose gel. Two O. 
tenuiflorum RNA samples can be seen in Lanes 1 and 2 (Figure 5-9). Figure 5-9 (b) shows 
the band of genomic DNA (Lane 1), RNA (Lane 2) and cDNA product (Lane 3). No bands 
were visible in the negative control (Lane 4). The expected product sizes are present in both 
gel pictures. 
 
Figure 5-9: RNA extraction samples. (a) L: DNA ladder; Lanes 1 & 2: O. tenuiflorum RNA samples. (b) L: DNA 
ladder; Lane 1: O. tenuiflorum genomic DNA sample; Lane 2: O. tenuiflorum RNA samples; Lane 3: c-DNA 
sample; Lane 4: negative control 
5.3.2.1.1 Turbo DNA clean-up and cDNA synthesis 
As genomic DNA traces were found after the RNA extraction procedure, a further clean-up 
process, a turbo DNA clean-up, was carried out. In figure 5-10, the band can be seen for the 
RNA (Lane 1) and cDNA (Lane 3) samples, while no bands are visible in the negative 
control (Lane 4). The expected product sizes are present in the gel picture. 
 
  
Figure 5-10: Comparing Genomic DNA, Turbo DNA clean up and cDNA samples. L: DNA ladder; (+), Lane 1: 
positive control; Lane 2: turbo DNA sample; Lane 3: cDNA sample and Lane 4 negative control 
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5.3.2.2 Blue-white screening for pGEMT Easy vector 
Around 1,100bp gel extracted products were ligated to pGEMT Easy vector to transform 
electrocompetent E. coli cells. Ligation products were confirmed through PCR reaction as 
shown in figure 5-11, where the positive control (Lane 1) and the ligation product (Lane 3) 
shows bands, while no bands are present in the negative control (Lane 2). The expected 
product sizes are present in the gel picture.      
 
Figure 5-11: PCR reaction confirmation of ligation products. L: DNA ladder; Lane 1: positive control; Lane 2: 
negative control; Lane 3: GOI. 
5.3.2.3 pGEM Colony screening 
Vector-specific M13 primers were used to check gene orientation, as well as checking for the 
GOI presence in specific colonies. As shown in figure 5-12 (a), there were bands present in 
14 white colonies which were PCR with M13 primers (Lanes 4 to 17), along with one blue 
colony (Lane 2) and the standard control (Lane 3). No bands were present in negative control 
(Lane 1). Two of these 14 colonies, the fourth and fourteenth, were selected for sequencing. 
In figure 5-12 (b), the bands are present in the blue, (Lane 1) fourth (Lane 2) and fourteenth 
colonies (Lane 3), while no bands were present in the negative control (Lane 4). The 
expected product sizes are present in both gel pictures.    
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Figure 5-12: pGEM colony screening using M13 primers (a) Total of 14 colonies screened. L: DNA ladder; Lane 
1: negative control; Lane 2: Blue colony control; Lane 3: Standard white colony control: Lanes 4-17: 
transformed colonies. (b) PCR confirmation of selected colonies. L: DNA ladder; Lane 1: blue colony; Lane 2: 
fourth colony; Lane 3: fourteenth colony; Lane 4: negative control  
5.3.2.3.1 Plasmid prep and sequencing of selected pGEM colonies 
The miniprep procedure was carried out for the fourth and fourteenth colonies to extract 
plasmid DNA samples from them. These samples were then sent for sequencing with M13 
primers. As shown in figure 5-13, the GOI’s presence has been confirmed using the BLAST 
tool.  
 
 
Figure 5-13: Screenshot of the BLAST search to identify the GOI’s presence in the colony sequencing results. 
The BLAST hits reflect the percentage of identity. The table contains all hits for the query together with the 
associated BLAST statistics. 
Moreover, gene orientation has also been confirmed by identifying the initial sequence in the 
results. This sequence has been highlighted in figure 5-14. 
 
Sequences of positive colonies revealed the presence of O- methyltransferase genes. A 
sequence of 1,074bp along with a few extra bp products containing poly A tails were 
generated by PCR during both pGEM vector transformations. 
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Figure 5-14: Chromatogram of annotated regions showing the correct GOI orientation in the fourth and 
fourteenth pGEM colonies  
 G-blocks preparation for pET vector cloning 
The following steps were performed to add suitable RE sites before transforming the pET 
vector using four G-blocks. 
1. Diluting the G-blocks 
2. Replacing the Not1 RE site with Nhe1 using pET primers 
3. Purifying the PCR samples 
4. Digesting the purified PCR samples with Nh1 and Ecor1 RE 
5. Gel extraction of the correct size band or PCR purification  
5.3.3.1 Diluting G-blocks 
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The G-blocks were suspended by following the manufacturer’s guidelines before dilution. As 
G-block aliquots are quite concentrated, a series of dilutions was prepared before using them 
for PCR as a template. As shown in figure 5-15, 1/100, 1/500, 1/1000 and 1/5000 dilutions 
were tested while using them with pET primers.  
5.3.3.2 Replacing the Not1 RE site with Nhe1 using pET primers 
The reason for designing this PCR was to replace the Not1 Restriction site (which is present 
in G-blocks) with Nhe1 (which is present in pET vector MCS). The Not1 restriction site is 
not present in the pET vector MCS.  
 
5μl of amplification products were analysed on 2% w/v agarose gel. As shown in figure 5-15, 
the first thermocycler program gave better results than the second. Figure 5-15 (a) represents 
the PCR results for thermocycler program 1, where four bands can be seen in Lanes 2, 3, 4 
and 5 representing O. basilicum_EOMT, O. basilicum_CVOMT, O. tenuiflorum_EOMT and 
O. graticimum_EOMT G-blocks respectively. No bands were present in the negative control 
(Lane 6). Figure 5-15 (b) represents the PCR results for thermocycler program 2, where faint 
bands were present in Lanes 2, 3, 4 and 5 representing O. basilicum_EOMT, O. 
basilicum_CVOMT, O. tenuiflorum_EOMT and O. graticimum_EOMT G-blocks 
respectively. The expected product sizes are present in both gel pictures. 
 
Both sets of pET_EOMT and pET_CVOMT primers were tested with all four G-blocks (O. 
basilicum_EOMT, O. basilicum_CVOMT, O. tenuiflorum_EOMT and O. graticimum_EOMT) 
and as expected, the pET EOMT primers worked with all three EOMT G-blocks (O. 
basilicum_EOMT, O. tenuiflorum_EOMT and O. graticimum_EOMT), while the 
pET_CVOMT primers worked with one CVOMT G-block (O. basilicum_CVOMT).  
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Figure 5-15: Two thermocycler programmes designed for pET EOMT primers using G-blocks (1/500 and 
1/100 dilutions) as template, as per Table 5-2. (a) Thermocycler programme 1. L: DNA ladder; Lane 1: 
positive control; Lane 2: O. tenuiflorum (1/500) G-block; Lane 3: O. tenuiflorum (1/100) G-block; Lane 4: O. 
gratissimum (1/500) G-block; Lane 5: O. gratissimum (1/100) G-block); Lane 6: negative control. (b) 
Thermocycler programme 2. L: DNA ladder; Lane 1: positive control; Lane 2: O. tenuiflorum (1/500) G-block; 
Lane 3: O. tenuiflorum (1/100) G-block; Lane 4: O. gratissimum (1/500) G-block; Lane 5: O. gratissimum 
(1/100) G-block); Lane 6: negative control.   
 
These pET peimers were later cross-checked using G-bocks as templates. In figure 5-16, 
bands were visible in Lanes 2, 3, 4 and 5 representing O. tenuiflorum (1/500), O. tenuiflorum 
(1/100), O. gratissimum (1/500) and O. gratissimum (1/100) G-blocks. No bands were visible 
in the negative control (Lane 6). As expected, no bands were visible using the same templates 
(O. basilicum, O. tenuiflorum and O. gratissimum) with pET_CVOMT in Lanes 7 to 12. 
 
 
Figure 5-16: pET_EOMT and pET_CVOMT primers were cross checked with each G-block template. The PCR 
product of the pET_EOMT primer was: L: DNA ladder; Lane 1: positive control; Lane 2: O. tenuiflorum (1/500) 
G-block; Lane 3: O. tenuiflorum (1/100) G-block; Lane 4: O. gratissimum (1/500) G-block; Lane 5: O. 
gratissimum (1/100) G-block); Lane 6: negative control. PCR product of pET_CVOMT primer; Lane 7: positive 
control; Lane 8: O. tenuiflorum (1/500) G-block; Lane 9: O. tenuiflorum (1/100) G-block; Lane 10: O. 
gratissimum (1/500) G-block; Lane 11: O. gratissimum (1/100) G-block); Lane 12: negative control. 
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5.3.3.3 Purifying PCR samples 
After replacing RE sites using pET primers, PCR products were prepared for restriction 
digestion through a purification process. These samples were further checked by using pET 
primers. Figure 5-17 (a) shows that Lanes 2, 3 and 4 represent the bands for EOMT G-blocks. 
No bands were present in the negative control (Lane 5).  In figure 5-17 (b), Lane 2 shows a 
CVOMT G-block, while no bands were present in the negative control (Lane 3). The expected 
product sizes are present in both gel pictures.    
 
Figure 5-17: Purified PCR samples containing all four G-blocks. (a) PCR using pET EOMT primers. L: DNA 
ladder; Lane 1: positive control; Lane 2: O. basilicum (EOMT) G-block; Lane 3: O. tenuiflorum G-block; Lane 4: 
O. gratissimum G-block; Lane 5: negative control. (b) PCR using pET CVOMT primers. L: DNA ladder; Lane 1: 
positive control; Lane 2: O. basilicum (CVOMT); Lane 3: negative control 
5.3.3.4 Digesting purified PCR samples with Nhe1 and Ecor1 RE 
The purified PCR samples were digested using two different REs: Nhe1 at 5' end and Ecor1 
at 3' end. The digested products can be seen in Figure 5-18 (Lanes 5, 4, 3 and 2), while the 
digested pET vector can be seen in Lane 1. The expected product sizes were present in gel 
picture. These four G-block RE bands were gel-purified for further processing.     
 
Figure 5-18: Restriction digest product of all G-blocks and pET vector using Nhe1 and Ecor1 RE. L: DNA 
ladder; Lane 1: pET vector; Lane 2: O. basilicum (EOMT) G-block; Lane 3: O. basilicum (CVOMT) G-block; Lane 
4: O. tenuiflorum G-block; Lane 5: O. gratissimum G-block. 
166 
 
 pET colony screening 
Initially, published EOMT primers were used to identify common OMT genes from different 
Ocimum species (see the results). Later, a pair of universal T7 primers were used in 
combination with pET and OMT primers.  
5.3.4.1 PCR using gene-specific and vector-specific primers 
After growing colonies overnight, recombinant colonies were screened using PCR for quick 
identification. Gene-specific (EOMT) primers were used to screen recombinant plasmids 
(Figure 5-19). Figure 5-19 (a) shows the bands for positive control. O. basilicum colonies 1 to 
8 had shown the bands in Lanes 1 to 8, three O. tenuiflorum colonies in Lanes 9, 10 and 11 
and three O. gratissimum colonies in Lanes 12, 13 and 14. No bands were present in Lane 15, 
implying negative control. Figure 5-19 (b) also shows the bands for positive control. O. 
basilicum (CVOMT) colonies 4, 5, 6, 8, 9, 10, 11, 12, 14, 15, 16, 17, 18, 23 and 24 had shown 
their bands in the respective lanes. No bands were present in the negative control (Lane 4). 
The expected product sizes were present in both gel pictures.         
 
 
Figure 5-19: pET vector PCR colony screening using EOMT (gene-specific) primers. (a) Colony screening PCR 
results of O. basilicum (EOMT), O. tenuiflorum and O. gratissimum. L: DNA ladder; (+): positive control; 
Lanes 1-8: O. basilicum (EOMT) colonies; Lanes 9-11: O. tenuiflorum colonies; Lanes 12-14: O. gratissimum 
colonies; Lane 15: negative control. (b) Colony screening PCR results of O. basilicum (CVOMT). L: DNA ladder; 
(+): positive control; Lanes 1-24: O. basilicum (CVOMT) colonies; (-): negative control 
 
The colony screening led to one colony from each G-block and pET transformation being 
selected for further processing. As shown in figure 5-20, the second colony of O. basilicum 
(EOMT), the 23rd of O. basilicum (CVOMT), the third of of O. tenuiflorum and the first of O. 
gratissimum were selected for mini prep plasmid preparation. These plasmids were PCR- 
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checked using EOMT primers before being sent for sequencing. The expected size (1,074bp) 
bands were present in all wells including the positive control (Lane 1), the second colony of 
O. basilicum (EOMT) (Lane 2), the 23rd of O. basilicum (CVOMT) (Lane 3), the third of O. 
tenuiflorum (Lane 4) and the first of O. gratissimum (Lane 5). 
 
Figure 5-20: PCR test confirmation for selected pET colonies using EOMT primers. L: DNA ladder; Lane 1: 
positive control; Lane 2: 2nd colony of O. basilicum (EOMT); Lane 3: 23rd colony of O. basilicum (CVOMT) and  
3rd colony of O. tenuiflorum; Lane 4: 1st colony of O. gratissimum; Lane 5: negative control 
5.3.4.2 Sequence analysis of selected pET colonies 
As shown in figure 5-21, 5-22, 5-23 and 5-24, the presence of the Ocimum sequence was 
confirmed using a GOI orientation check. Based on this finding, initial region showed a 
starting codon followed by some base pair differences (apart from O. gratissimum) because 
of poor quality sequencing. The regions are annotated and base pair differences are 
highlighted.   
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Figure 5-21: Chromatogram with annotated regions showing the correct GOI orientation (with blue arrow 
showing the starting codon) in the 2nd colony of the O. basilicum (EOMT) sequence analysis 
 
 
Figure 5-22: Chromatogram with annotated regions showing the correct GOI orientation (with blue arrow 
showing the starting codon) in the 23rd colony of the O. basilicum (CVOMT) sequence analysis 
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Figure 5-23: Chromatogram with annotated regions showing the correct GOI orientation (with blue arrow 
showing the starting codon) in the 3rd colony of the O. tenuiflorum sequence analysis  
 
 
Figure 5-24: Chromatogram with annotated regions showing the correct GOI orientation (with blue arrow 
showing the starting codon) in the 1st colony of the O. gratissimum sequence analysis 
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 SDS-PAGE 
As mentioned in the introduction, the main aim of using the SDS-PAGE technique is to 
separate and characterize proteins. Four main protein samples were used: O. basilicum 
(EOMT), O. basilicum (CVOMT), O. tenuiflorum and O. gratissimum, along with the pET 
vector as a control. Previous research indicates that both EOMT and CVOMT subunits have a 
molecular mass of ~40kD (Ibrahim et al., 1998; Wang, 1999). As no information is available 
whether these proteins are in solution or pellet form, both supernatant and pellets were 
examined on the gel along with the protein ladder to determine their size (Figure 5-25 and 
Figure 5-26). Two samples were prepared, one at low OD (around 0.3-0.4) (in Lane 1, 2, 3, 4 
and 5) and the other at high OD (around 0.5-0.6) (in Lane 6, 7, 8, 9 and 10). The samples at 
40kD are highlighted in figure 5-25 and 5-26.  
 
Figure 5-25: SDS-PAGE result 1. L: up to 200 KB protein ladder. Low OD pellets of Lane 1: pET; Lane 2: O. 
basilicum (EOMT); Lane 3: O. basilicum (CVOMT); Lane 4: O. tenuiflorum; Lane 5: O. gratissimum. High OD 
palate of Lane 6: pET; Lane 7: O. basilicum (EOMT); Lane 8: O. basilicum (CVOMT); Lane 9: O. tenuiflorum; 
Lane 10: O. gratissimum. 
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Figure 5-26: SDS-PAGE result 2. L: up to 200 KB protein ladder. Low OD supernatant of Lane 1: pET; Lane 2: 
O. basilicum (EOMT); Lane 3: O. basilicum (CVOMT); Lane 4: O. tenuiflorum; Lane 5: O. gratissimum. High OD 
supernatant of Lane 6: pET; Lane 7: O. basilicum (EOMT); Lane 8: O. basilicum (CVOMT); Lane 9: O. 
tenuiflorum; Lane 10: O. gratissimum 
  
5.4 Discussion 
 RNA extraction and cDNA synthesis of O. tenuiflorum plant sample 
Total RNA was isolated from the two Ocimum species, O. tenuiflorum and O. basilicum. The 
A260 and A280 ratios were found to be quite low, indicating low quality RNA samples. RNA 
samples were checked by adding loading dye at a 1:5 ratio with a 1% w/v agarose gel. These 
RNA extraction samples together with the c-DNA products and the RNA samples [Figure 5-9 
(b)] revealed the presence of genomic DNA contamination in the RNA samples. Turbo-DNA 
clean-up was therefore carried out to obtain a clean RNA product. 
 
As shown in Figure 5-10, a comparison of the genomic DNA in Lane 1 with the RNA sample 
in Lane 2 showed that the band was not present in the former lane, proving that genomic 
DNA contamination had successfully been removed from the RNA sample that was 
subsequently used for cDNA synthesis. The band for the c-DNA product can be seen in Lane 
3. The cDNA synthesis kit provides a novel approach to synthesising cDNA using a PCR-
based technique. The final product is efficient and free from genomic DNA traces.  
 
The first strand of cDNA was synthesised from the clean RNA sample followed by an 
amplification process using a specific cDNA synthesis kit. As shown in Figure 5-10, distinct 
unsmeared bands appear for the O. tenuiflorum sample with an approximate length of 
1,100bp on gel, the size expected. These gel bands were later excised for further procedures. 
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 Obtaining of OMT sequences for O. basilicum, O. tenuiflorum and O. gratissimum    
There were several OMT nucleotide sequences of Ocimum species present on the online 
databases, including O. basilicum EOMT and CVOMT sequences. These were studied in 
detail, and were used to design the G-blocks sequences. 
 
Apart from O. basilicum, two more sequences of O. tenuiflorum and O. gratissimum were 
obtained from a big alignment (from Chapter 4), prepared as a part of this project. Further 
details of this alignment can be found in Chapter 4, “DNA and AA sequence analysis”. The 
two DNA sequences O. tenuiflorum and O. gratissimum were used to design another two G-
blocks for OMT gene study. 
 
As described in Anand et al. (2016), in O. tenuiflorum the majority of eugenol converts into 
methyl eugenol (ME), while in O. gratissimum an abundant amount of eugenol was found 
that does not convert into ME. As described in this study, O. basilicum has showed an 
interesting activity by producing both methyl derivatives, methyl eugenol and estragole, 
which are derived from eugenol and chavicol respectively. This study finds that to be the 
main reason for selecting different Ocimum sequences to design different G-blocks. By 
designing G-blocks for this reserch study and by inserting these sequences into E. coli, their 
protein properties can be studied in detail. 
 Designing a full-length cDNA sequence representing OMT gene 
The four different Ocimum species’ DNA sequences were aligned to study the OMT gene and 
to design primer pairs for its isolation. This alignment helped to study the AA conversion in 
the different Ocimum species. The differences can be seen within the aligned O. tenuiflorum, 
O. gratissimum, O. basilicum (EOMT) and O. basilicum (CVOMT) AA sequences. Based on 
these findings, these sequences were used to design a G-block to clone the OMT gene in the 
bacteria and to study the EOMT and CVOMT proteins using SDS-PAGE.     
 
Three pairs of primers were designed for this study. Apart from these, vector-specific primers 
were designed for colony screening and other purposes during the study of bacterial 
expression. These primers were used for the PCR test as well as obtaining sequencing results 
using miniprep plasmid samples. 
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External (EOMT) and internal primer pairs (as discussed in Chapter 4) covered the majority 
of the OMT region, yet they were unable to cover the beginning and end of the sequence. 
Interestingly, published O. basilicum EOMT and O. basilicum CVOMT sequences differ 
slightly by a few base pairs at the beginning, although they are similar at the end. EOMT-F-1 
and CVOMT-F-1 primers were therefore designed to identify two different regions, while 
only one reverse OMT-R-1074 primer was designed. By using this specially designed primer 
pair, a full length OMT sequence has been successfully isolated with the help of EOMT and 
internal primers. 
 
EOMT and M13 primers were used to screen pGEM colonies, while pET, EOMT and T7 
primers were used for pET colony screening. 
 
A number of primers were designed and used after studying the GOI in combination with the 
pET vector sequence. IDT PrimerQuest is a useful tool to identify relevant regions on genes 
so as to design primers according to individual requirements. This software recommends 
using common sequences for different species in the same genus. A huge alignment was thus 
prepared, including sequences of different species sequences, a common consensus sequence 
being extracted from it to design primers that were used for all sample types. All primers 
were labelled using their genus name and vector combination. For example, Ocimum primers 
covering RE and poly A tails are parts of Gblocks and are identified as ‘pET_EOMT_F’ and 
‘pET_CVOMT_F’ (forward primers covering initial part of EOMT and CVOMT regions 
accordingly). As termination regions are similar for both EOMT and CVOMT regions, a 
common reverse primer (pET_OMT_R) was designed. 
 
The process by which the GOI was inserted into the suitable vector was carried out by 
creating the same restriction enzyme sites on both gene and vector. For this project, a strategy 
of creating two restriction enzyme sites at each end was designed in order to insert the GOI in 
the right orientation. For pGEM insertion Not1 and EcoR1 restriction sites were used, while 
for pET insertion Nhe1 and Ecor1 sites were added to the 3' and 5' end respectively. A pET-
specific primer pair was designed for this replacement procedure. As G-Blocks contain two 
restriction sites (highlighted below), the latter were also added using primer design along 
with the Poly-A tail and the short part of the sequence itself. 
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pET_EOMT-F  - AAAAAAGCTAGCATGGCATTGCAAAAAGTA 
pET_CVOMT-F  - AAAAAAGCTAGCATGGCATTGCAAAATATG 
pET_OMT-R            - TTTTTTGAATTCTTAAGGATAAGCCTCTAT 
 Colony screening sequences  
Screening colonies using PCR while checking the reliability of the results is complicated. 
After the transformation process, non-transformed bacteria remain on the plate along with 
transformed ones. Therefore, while selecting colonies for PCR, untransformed DNA are also 
used as a template. Preparation of the miniprep product and confirmation of the presence of 
the GOI by checking their sequencing results is therefore recommended. 
 
For pGEM insertion, the blue-white screening method was used. When the GOI interrupted 
the lacΖα sequence as the LB plates (prepared using X-Gal), white colonies appeared, while 
non-transformed colonies produced a blue colour. As white colonies could also have false 
results, further PCR-based screening was carried out. After transformation, different amounts 
of the ligated mixture (100μl, 150μl, 200μl and a concentrated solution) were plated on LB 
plates prepared with X-gal and IPTG. After overnight incubation, non-recombinant and 
recombinant colonies appeared as blue and white respectively. A synthesis of β-galactosidase 
was disrupted in recombinant colonies and therefore they were unable to produce the blue 
colour, while non-recombinant colonies had functional β-galactosidase and were thus able to 
do so. The number of colonies increased with the amount of ligation mixture. The number of 
white colonies appeared on LB plates, which were further plated to check for false results; 
eight out of 10 colonies tuned blue with overnight incubation. Colonies that remained white 
after the second incubation period were only used for further processes. 
 
As shown in Figure 5-12, the fourth and fourteenth colonies containing the O. tenuiflorum 
cDNA sequence were selected out of the total 14 colonies. These two colonies were later 
used to inoculate the LB culture overnight. The mini prep plasmid DNA samples were 
prepared to check the presence and orientation of the GOI. The BLAST search showed the 
presence of the EOMT gene in both the fourth and fourteenth colonies in Figure 5-13, while 
Figure 5-14 shows the correct orientation of the EOMT gene. The initial gene region 
containing the ATG start codon was annotated in the chromatograph of these two colonies’ 
sequencing results.  
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Unfortunately, the same results could not be achieved for O. gratissimum and O. basilicum 
cDNA sequences. The remaining experiment was therefore designed by using G-Blocks 
containing four sequences with the pET vector.     
 
For pET colony screening, after obtaining positive results with pET primers using the G-
block as a template, either PCR-purified samples in cases of faint bands or gel-purified 
products while obtaining single, sharp bands on the gel were used as a template for the 
ligation process. Around 1,100bp gene fragment was ligated to the pET vector to transform 
the electrocompetent E. coli cells. Ligation products were confirmed through the PCR 
reaction. After transformation, various amounts of the ligated mixture were plated on LB 
plates prepared with kanamycin. The colony numbers had increased with the amount of the 
ligation mixture. 
 
After growing colonies overnight, recombinant colonies were screened to determine whether 
the GOI was present. Plasmid DNAs were prepared from selected colonies. The colony PCR 
technique was later developed for quick identification, as plasmid DNA preparation takes one 
more day to grow the culture. 
 
Figure 5-20 PCR test confirms the presence of four selected colonies transformed by the pET 
vector and relevant G-blocks. The second colony of O. basilicum (EOMT), the 23rd of O. 
basilicum (CVOMT), the third of O. tenuiflorum and the first of O. gratissimum were selected 
for mini-prep plasmid preparation and were used to check the presence of the GOI and 
orientation through sequencing results. The chromatogram results shown in Figure 5-21, 
Figure 5-22, Figure 5-23 and Figure 5-24 illustrated the annotated initial part of the gene 
containing ATG start codon. These results not only confirm the presence of the GOI in 
various colonies (the EOMT gene in the second colony of O. basilicum (EOMT), the third 
colony of O. tenuiflorum and the first of O. gratissimum, as well as the CVOMT gene in the 
23rd colony of O. basilicum (CVOMT), but also confirmed the correct orientation of the OMT 
gene. All four colonies were later used for IPTG induction followed by SDS-PAGE analysis.    
 Summary of vector cloning results output 
The work described in this chapter descibed the cloning of a randomly fragmented genome of 
O-methyltransferase (1,074bp) in a manner that at genome insert scale could be transferred to 
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another vector. An ORF selection of the OMT gene for eugenol and chavicol was found to be 
useful in selecting a linear fragment. This selected insert into the expression vector followed 
by a PCR-based colony screening can create libraries of a reasonable size. Two types of 
cDNA sequences representing EOMT and CVOMT genes were found to be almost identical. 
There were different Ocimum species, and chemotypes were used to study the activity of the 
targeted phenylpropanoids. OMT gene analysis clearly showed the highest amount of 
phenylpropanoid levels in young tissues (plant, inflorescence) within the Ocimum genus. In 
particular, this project has extensively studied methyl eugenol levels within different 
chemotypes of O. tenuiflorum. Further study characterised O. basilicum and O. gratissimum 
species varying in their phenylpropanoid contents. Moreover, a study demonstrated that 
EOMT and CVOMT enzymes displays their highest activity on prefered substrates, eugenol 
and chavicol respectively, although they managed to produce some amounts of methyl 
derivatives while acting on non-prefered substrates. In other words, EOMT can produce some 
estragole while using chavicol as a substrate, while CVOMT can produce some methyl 
eugenol by using eugenol as a substrate. This study compared two identical genes, EOMT and 
CVOMT, using cloning strategies within different Ocimum species. 
  Protein production study 
The protein production study was begun by using IPTG induction followed by SDS-PAGE 
Assay, in which known sample protein presence are checked. Unknown protein samples and 
dilutions are treated in the same manner to measure their absorbance levels using a 
spectrophotometer. However, shortages of time and the unavailability of certain equipment 
and materials complicated an interpretation of the result. Some other factors, including 
repetition of replicates, correction of blank readings and dilution steps, play an important part 
in obtaining fruitful results. This situation is responsible for the confusing calculations 
required to arrive at the final determination. 
5.5 Conclusion 
The objective of this chapter has been to isolate and characterise a full length OMT gene 
from O. tenuiflorum, O. gratissimum and O. basilicum. Evidence from molecular and 
phylogenetic analyses shows that EOMT and CVOMT sequences have been successfully 
isolated from O. basilicum (Gang et al., 2001; Gang et al., 2002). Since both cloned and 
sequenced EOMT and CVOMT sequences represented the two different sequences, it can be 
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hypothesised that two genes, EOMT and CVOMT, are present in O. basilicum. Additionally, 
Gang et al., 2002 managed to confirm by site-directed mutagenesis that the single AA 
difference (EOMT (S261) and CVOMT (F260) appears to be responsible for the substrate 
preference of these enzymes (Gang et al., 2002).   
 
EOMT was shown to have an enhanced expression during pre-flowering, but decreased at 
flowering and further at post-flowering. These findings may also be related to the amount of 
eugenol and its methyl derivative, methyl eugenol, at various developmental stages within O. 
tenuiflorum chemotypes (Renu et al., 2014). 
 
Experiments in comparative studies have shown that eugenol and chavicol, like 
phenylpropanoids, are one of the major secondary metabolites within the genus Ocimum. It is 
also suggested that the gene from one species can play an important role in the same pathway 
in another, but their function may change (Anand et al., 2016).  
 
The activity of OMT enzymes from phenylpropanoid pathways can modulate the levels of 
certain secondary metabolites within different Ocimum species. The study of the OMT gene 
shows that they play a role in accordance with the varied accumulation of eugenol and 
chavicol levels in the genus Ocimum (Renu et al., 2014; Anand et al. 2016). Based on a 
combination of these previous findings, the EOMT gene from O. tenuiflorum and O. 
gratissimum; while both EOMT and CVOMT genes from O. basilicum have been successfully 
isolated and cloned in E. coli using pGEM and pET expression vectors. The presence of 
EOMT and CVOMT enzymes in O. basilicum has already been confirmed by Gang (Gnag et 
al., 2002), but the novelty of this project regards the activity of CVOMT and the resulting 
absence of chavicol and estragole in O. tenuiflorum and O. gratisimum. This can be 
hypothesised from the PCR results using EOMT-F-1 and CVOMT-F-1, where bands were 
absent while using O. tenuiflorum and O. gratisimum genomic DNA samples as a template. It 
can be concluded from these results either that only one enzyme is responsible for the 
production of both methyl derivatives (methyl eugenol and estragole) depending on substrate 
availablity within each Ocimum species, or two enzymes are expressed in certain species but 
not in others. In other words, the EOMT enzyme was found to be active in both O. 
tenuiflorum and O. gratisimum, while the CVOMT enzyme did not express at all in these two 
species. As a result, no traces of chavicol or estragole were found in these two species. 
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 Further work 
This chapter results could be further explained by the successful plant transformation study 
by detecting the presence of two separate OMT genes that are expressed at the different level 
in different Ocimum species. The study approach can offer additional insights into some other 
factors that could modulate EOMT and CVOMT activities. 
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6 O-methyltransferase binary vector 
preparation for the cloning of novel 
plant transformation constructs 
 
6.1 Introduction 
An Agrobacterium contains a large Ti plasmid that can produce tumour-like structures on 
plants. It can transfer T-DNA into the plant’s genome. This plasmid has a growth regulator 
and opine synthesis genes. It can act on a wide range of plants including dicotyledon and 
gymnosperm. This natural plant gene transfer techniques have been widely used to transform 
plants (Zambryski et al., 1980). Several modifications require prior to the use of Ti plasmids 
for the transformation process with regard to the removal of tumour-inducing genes and the 
addition of markers to identify genes after transformation (Garfinkel et al., 1981). The whole 
process of inserting foreign genes into Ti plasmids has been complicated until the 
introduction of binary vectors during the plant transformation process. The binary system 
contains binary and helper plasmids. It is also known as the ‘Shuttle vector’ as it can replicate 
in different organisms including E. coli and Agrobacterium (Bevan, 1984).    
 Different gene transfer methods in plants 
Gene transfer methods in plants fall into two categories: vector-based or indirect gene 
transfer and vectorless or direct gene transfer. Among the former, the Agrobacterium 
tumefaciens containing the Ti plasmid has been widely used. The direct gene transfer 
methods are microinjection, chemical mediation, electroporation, particle bombardment, 
transformation using bacteria, lipofection and conjunction.   
 Plant transformation 
A process of inserting newly designed genes into plant chromosomes is called ‘plant 
transformation’. This process uses a wide range of tissue culture methods. Plant regeneration 
is the key step during transformation. Several options are available to insert GOIs into plant 
chromosomes, Agrobacterium-mediated transformation being a hugely popular method. This 
process can dramatically change the plant’s characteristics to improve the quality of human 
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life (Khan et al., 2016). By using a variety of tools such as selection markers, the transformed 
and non-transformed plants can be easily identified, which is also helpful when comparing 
control and experiment tissues.  
 
Arabidopsis has been used as a model plant organism during the plant transformation process. 
C. elegans (The C. elegans Sequencing Consortium, 1998) and Drosophila (Adams, 2000) 
genome structures had been studied, but they provided a very limited amount of information 
regarding physiological and evolutionary processes. The short life cycles, small genomes and 
multitude of flowerings are key aspects of the Arabidopsis thaliana plant that make it ideal 
for genome study. Due to its genomic variation, it is widely popular in molecular biology, 
genetics biochemistry and many other fields as a model plant (Meyerowitz, 1987). A large 
number of protein kinase receptors have been identified from this plant, among which more 
than 25 proteins are studied in detail to discover their biological functions (Abrc, 2012), 
which include CLV1-differentiated meristem cells between floral and shoot formation (Clark 
et al., 1997), VH1-effected differentiation in leaf patterns (Clay & Nelson, 2002), ER-
influenced inflorescence structure in flowers (Torii et al., 1996) and the involvement of 
ERECTA against pathogen protection along with plant growth (Godiard et al., 2003). A huge 
DNA library is available for mutant Arabidopsis genes that can be inserted into target plants 
to study insertion mutation (Prescott et al., 2010). 
 
There are several ways of obtaining or designing the foreign genes that must be inserted into 
the targeted plant tissues. The common method of designing GOIs is by using various 
organisms such as a variety of bacteria (E. coli, Agrobacterium), yeast cells and plant species. 
Stable insertion and successful regeneration of second or third plant generation are two key 
aspects during the plant transformation process. While using Agrobacterium for this process, 
the ‘flower dip’ procedure has been applied where the plants (especially Arabidopsis) 
containing flowers are inoculated in the mixture of bacteria. After treating the targeted plants 
with bacteria, they are kept separated from the others in order to collect the seeds and study 
them for the success of the next generation of plant transformation. This method’s ease 
means that it can also be applied to other plant species, though the success rate for 
Arabidopsis thaliana is the greatest. 
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 Plants transformed with homologues of the OMT gene in various plants 
Apart from eugenol, chavicol and their methyl derivatives, other phenylpropenes including 
iso eugenol, isochavicol, trans-Anethole, methylisoeugenol and isoestragole (Obeng-Ofori 
and Reichmuth, 1997) are produced by plants of basil, cloves, star anise and fennel (Figure 6-
1) (Orav et al., 2008). 
 
Figure 6-1: Different phenylpropene production in plants. The reaction catalysed by O‐methyl transferases 
(dotted lines) and NADPH‐dependent phenylpropene reductases (dashed lines) (Yauk et al., 2015) 
 
According to Yauk et al. (2015), an estragole might contribute the unique flavours in some 
varieties of apple. A bioinformatics approach was used to identify the gene responsible for 
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estragole production; its kinetic study confirmed that the specific MdoOMT1 allele is 
responsible for estragole production. The same research group later managed to produce the 
transgenic plants which confirmed the gene’s activity directed at estragole production and its 
role in the apple plant (Yauk et al., 2015). Some other OMT genes including the isoflavone 
3′-O-methyltransferase from Pueraria lobata roots (Li et al., 2014) and caffeic acid 3-O-
methyltransferase from wheat (Wang et al., 2018) have also been isolated.  
 Successful transformation of Ocimum plant 
The first transgenic Ocimum plant was produced using Agrobacterium strains GV3101 and 
EHA105 where O. basilicum and O. citriodorum species were successfully regenerated with 
the β-Glucuronidase (GUS) gene (Deschamps and Simon, 2002). Since then several research 
projects transformed several genes into the various parts of the Ocimum plant. Leaves as well 
as hypocotyls and excised shoots were used for invitro germination, and the efficiency of 
transformation was found to be highest in the leaves of O. tenuiflorum (Vyas and 
Mukhopadhyay, 2014). The concentrations of MS medium along with various growth 
hormones were used to focus on the development of an efficient transformation protocol in 
O. gratissimum (Khan et al., 2015).   
6.2 Material and method 
As described in Chapter 5 (Section 5.3.3), OMT sequences (both EOMT and CVOMT) were 
used to design four G-blocks. These G-blocks were used as a template in PCR to add Att sites 
at the end of each G-block fragment for Gateway cloning.    
 Gateway pDONR™221 vector (to create entry clone) 
Gateway cloning vectors are specially designed with ‘Att’ sites which can easily be flanked 
along with GOI/G-blocks. This technique is more convenient than the use of restriction 
enzymes. A successful entry clone can easily be shuttled into the majority of expression 
vectors (Figure 6-2). With the help of the manufacturer’s instructions and Gateway® LR 
Clonase® II (Invitrogen, Cat. No.11791-043 USA), the product was then transferred to the 
binary vector. 
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Figure 6-2: pDONR™221 vector map 
6.2.1.1 Att primers 
After isolating the plasmid DNA and while attaching it to the Gateway cloning vectors, Att 
sites (highlighted in red) along with the ‘Shine-Dalgarno (SD) sequence’ (highlighted in 
yellow) were added to design these specific primers: 
 
1. Att_EOMT-F    5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTAAAAAATGGCATTGCAAAAAGTAGATATTT-3′ 
2. Att_CVOMT-F 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTAAAAAATGGCATTGCAAAATATGGATATTT-3′ 
3. Att_OMT-R      5′-GGGGACCACTTTGTACAAGAAAGCTGGGTTTAAGGATAAGCCTCTATGAGAGAC-3′ 
 
All PCR reactions were carried out in the G-Storm GS1 Thermal Cycler and MJ Research 
PTC-200 Thermal Cycler machines, while all gel results were analysed using the Gel Doc EZ 
system. 
6.2.1.2 Preparing G-blocks 
The readymade G-blocks were treated according to the manufacturer’s guidelines (gBlocks® 
Gene Fragments, IDT) before preparing a series of dilutions for PCR as a template. 1/100, 
1/500, 1/1000 and 1/5000 dilutions were tested while they were used with the Att primers. 
The complete PCR program for Att primers was as follows (Table 6-1): 
 
 
Table 6-1: The thermocycler program for Att primers 
 Att primers PCR program Thermocycler conditions 
Thermocycler programme An initial denaturation of 2 minutes at 94°C, 
35 cycles of denaturation (94°C for 30 
seconds), annealing (58°C for 30 seconds) 
and extension (72°C for 45 seconds); final 
extension 72°C for 2 minutes 
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 Sterilisation process 
Leaf segments and seeds were sterilised before establishing them on the MS medium. The 
material was thoroughly washed under running tap water for ten to fifteen minutes. 20% 
Savlon and a few drops of tween mixture were used to remove fungal infection and other 
debris. The material was soaked in this mixture for five to seven minutes. Autoclaved (The 
Prestige Medical autoclave, The Classic 2100 range) double-distilled water was used eight to 
ten times to remove the above mentioned mixture traces from the plant material, which was 
then thoroughly dried with tissue or filter paper. 
 
Different types of Arabidopsis thaliana seeds were ordered from The Nottingham 
Arabidopsis Stock Centre (NASC) (http://arabidopsis.info/).  
1. N1092 – Columbia wild type (Col-O) 
2. N502373 – Columbia wild type with T-DNA insertion (OMT) 
3. N646526 – OMT mutant 
Wild-type Arabidopsis seeds were collected from the Plant Biotechnology Department of 
Warwick University. 
 
Ocimum seeds were ordered from ‘Jungle seeds’ (www.jungleseeds.co.uk) and ‘Chilton 
seeds’ (https://www.chilternseeds.co.uk). Some seeds were also collected from the Hindu 
community in Leicester and India.   
 Medium recipe 
Murashige and Skoog's (MS) medium (Cat. No. - MD154, Phygenera) was prepared by 
adding various organic and inorganic components. 4% sugar (Cat. No. - S0389 Sigma 
Sucrose) was added while preparing the MS medium. The pH was adjusted (around 5.7) 
using HCl or NaOH. The solid MS medium was prepared by adding 8% agar in either 
magenta jars or petri dishes. Various growth hormones including 0.5mg/L kinetin (Cat. No. - 
K0753 Sigma Kinetin plant cell culture tested, crystalline), 3mg/L picloram (Cat. No. - 
P5575 Sigma Picloram plant cell culture tested, BioReagent), 2mg/L BAP (Cat. No. - B3408 
Sigma 6-Benzylaminopurine plant cell culture tested), 1mg/L NAA (Cat. No. - N0640 Sigma 
1-Naphthaleneacetic acid plant cell culture tested, BioReagent, ≥95%, crystalline) were 
added to try various compositions of MS medium.  
185 
 
6.3 Result  
While preparing the ligation for the pDONR and binary vectors, a unique technique called 
‘Gateway Cloning’ was used. In this technique, rather than using restriction enzyme sites, 
specially designed ‘Att’ sites are added. 
 PCR purification 
A QiagenTM purification kit was used to purify the PCR product containing the G-block 
attached with Att sites. Figure 6-3 shows that it was possible to obtain the full length of the 
OMT gene from O. basilicum (EOMT) (Lane 1), O. basilicum (CVOMT) (Lane 2), O. 
tenuiflorum (Lane 3) and O. gratissimum (Lane 4) using Att primers. No bands were visible 
in the negative control (Lane 5). The expected product sizes were present in the gel picture. 
 
All these PCR purified products were further used as a template during the Gateway cloning 
process.  
 
Figure 6-3: PCR-purified product containing Att sites. L: 2 Kb DNA ladder (EasyLadder 1, Cat. No. BIO-33045; 
Bioline); Lane 1: O. basilicum (EOMT); Lane 2: O. basilicum (CVOMT); Lane 3: O. tenuiflorum; Lane 4: O. 
gratissimum; Lane 5: negative control  
 Gateway cloning results 
6.3.2.1 BP reaction 
An entry clone was prepared during the BP reaction. As shown in Figure 6-4, positive colony 
screening has been achieved for all four G-blocks using EOMT primers. The selected 
colonies were further used to prepare mini prep plasmids for the second round of gateway 
cloning, which was the LR reaction. 
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Figure 6-4 shows that it was possible to obtain the full length of the OMT gene during colony 
screening of the BP reaction. In figure 6-4 (a), Lanes 1-8 show the band representing O. 
basilicum (EOMT) colonies 1 to 8 and Lanes 9-16 show the bands representing O. basilicum 
(CVOMT) colonies 1 to 8. In figure 6-4 (b), Lanes 1-8 show the bands representing 1 to 8 O. 
tenuiflorum colonies and lane 9-16 showed the bands representing O. gratissimum colonies 1 
to 8 using Att primers. No bands were visible in the negative control. The expected product 
sizes were present in the gel picture. All colonies apart from the fifth, O. basilicum (EOMT), 
showed positive bands, from which selected colonies were sent for sequencing.   
 
 
Figure 6-4: BP reaction colony screening. L: 2 Kb DNA ladder; (+): positive control; (-): negative control. (a) 
Lanes 1-8: O. basilicum (EOMT) colonies 1 to 8; Lanes 9-16: O. basilicum (CVOMT) colonies 1 to 8. (b) Lanes 1-
8: O. tenuiflorum colonies 1 to 8; Lanes 9-16: O. gratissimum colonies 1-8  
6.3.2.2 LR reaction 
The GOI has been transferred from the entry clone to the destination vector during the LR 
reaction. The binary vector is used here as a destination vector from which the GOI can be 
transferred directly into the targeted plant species. As shown in Figure 6-5, positive colony 
screening results were achieved using EOMT primers. Selected colonies were further grown 
overnight in liquid LB to obtain mini prep plasmid DNA samples. 
 
Figure 6-5 shows that it was possible to obtain the full length of the OMT gene during colony 
screening of the LR reaction. In figure 6-5(a), Lanes 1-8 show the bands representing O. 
basilicum (EOMT) colonies 1 to 8 (the 2nd, 5th and 7th colonies exhibit bands); Lanes 9-16 
show the bands representing O. basilicum (CVOMT) colonies 1 to 8 (all eight colonies evince 
bands). In figure 6-5(b), Lanes 1-8 show the bands representing O. tenuiflorum colonies 1 to 
8 (all seven colonies except the fourth showed the bands), and Lanes 9-16 show the bands 
representing O. gratissimum colonies 1 to 8 (only the second and third colonies show bands) 
using Att primers. No bands are visible in either the negative or the positive controls. As the 
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pDONR vector was used as a template where the Att sites were missing, the band was not 
visible in the positive control. The expected product sizes were present in the gel picture.  
 
 
Figure 6-5: LR reaction colony screening. L: DNA ladder; (+): positive control; (-): negative control. (a) O. 
basilicum (EOMT) colonies 1-8; O. basilicum (CVOMT) colonies 1-8. (b) O. tenuiflorum colonies 1-8 and O. 
gratissimum colonies 1-8. All colonies showed positive bands apart from 1st, 3rd, 4th and 8th O. basilicum 
(EOMT), 4th O. tenuiflorum and 1st, 4th, 5th, 6th, 7th and 8th O. gratissimum colonies 
 
6.3.2.2.1 LR colony screening 
Att-F and Att-R primers were used to check full length sequences. The PCR was designed by 
using Att-F and Internal-R primers. The PCR was performed as described in the ‘General 
material and method’ chapter. 
 
Figure 6-6 shows the colony screening conformation of the LR reaction using Att primers. 
The Att_EOMT PCR products were included in Lanes 3-8, where Lane 3 represents the fifth 
O. basilicum (EOMT) colony, Lane 4 the seventh O. basilicum (CVOMT) colony, Lanes 5 
and 6 the fifth and seventh O. tenuiflorum colonies and Lane 7 the third O. gratissimum 
colony. No band was visible for the eighth O. gratissimum colony. The Att_CVOMT PCR 
products are included in Lanes 10-14, where Lane 12 and 13 represent the second and eighth 
O. basilicum (CVOMT) colonies. No bands were visible in the negative control. The expected 
product sizes were present in the gel picture, including positive controls in Lanes 1, 2, 10 and 
11. 
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Figure 6-6: LR colony screening using EOMT Att primers. L: DNA ladder; Lane 1: EOMT G-block as a positive 
control; Lane 2: PCR of PCR as positive control; Lane 3: 5th O. basilicum (EOMT) colony; Lane 4: 7th O. 
basilicum (EOMT) colony; Lane 5: 5th O. tenuiflorum colony; Lane 6: 7th O. tenuiflorum colony; Lane 7, 3rd O. 
gratissimum colony; Lane 8, 5th O. gratissimumi colony; Lane 9: negative control. LR colony screening using 
CVOMT Att primers. Lane 10: CVOMT G-block as a positive control; Lane 11: PCR of PCR as positive control; 
Lane 12: 2nd O. basilicum (CVOMT) colony; Lane 13: 8th O. basilicum (CVOMT) colony; Lane 14: negative 
control. 
 
Figure 6-7 shows the selected colony PCR conformation from each G-block using a 
combination of Att and internal primers. The Att_EOMT and Int-R primer PCR products were 
included in figure 6-7(a), where Lane 1 represents the positive control, Lane 2 the fifth O. 
basilicum (EOMT) colony, Lane 3 the fifth O. tenuiflorum colony and Lane 4 the third O. 
gratissimum colony. No bands were visible in the negative control (Lane 5).  
The Att_CVOMT and Int-R primer PCR products were included in figure 6-7(b), where Lane 
1 represents the positive control and Lane 2 the second O. basilicum (CVOMT) colony. No 
bands were visible in the negative control (Lane 3). The expected product sizes were present 
in the gel picture, including positive controls in Lanes 1, 2, 10 and 11. As multiple bands 
present in the selected colonies, the correct size bands were excised, purified and sent for 
sequencing. 
 
Figure 6-7: ATT-F primers in the combination with internal reverse (Int-R) primer. PCR with EOMT Att-F and 
Int-R primers. L: DNA ladder; Lane 1: EOMT G-block as a positive control; Lane 2: 5th O. basilicum (EOMT) 
colony; Lane 3: 5th O. tenuiflorum and Lane 4: 3rd O. gratissimum colonies; Lane 5: negative control. PCR with 
CVOMT Att-F and Int-R primers. L: DNA ladder; Lane 1: CVOMT G-block as a positive control; Lane 2, 2nd O. 
basilicum (CVOMT) colony; Lane 3: negative control. 
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Bioinformatics studies were also carried out for all four colonies: the fifth O. basilicum 
(EOMT), fifth of O. tenuiflorum, third of O. gratissimum and second of O. basilicum 
(CVOMT) colonies. All the BLAST search results show the GOI’s presence. Later contigs 
were prepared by using CLC Bio Main Workbench to check the orientation of selected 
colonies. The Att-F primer was used to check the vector’s presence in combination with the 
Internal-R primer to check for the GOI’s presence and correct direction. All sequences were 
analysed the same way to check the orientation of the GOI (O. basilicum (EOMT), O. 
basilicum (CVOMT), O. tenuiflorum and O. gratissimum respectively). As shown in figure 6-
8, figure 6-9, figure 6-10 and figure 6-11, the GOI’s orientations were checked in the selected 
LR colonies. 
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Figure 6-8:  Nucleotide sequence of the PCR-amplified OMT region from the transformed 5th LR O. basilicum EOMT colony. Arrows show the location and orientation of 
the EOMT-F and Int-R primer regions. Sequencing results show external and internal regions are annotated in correct orientation. 
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Figure 6-9:  Nucleotide sequence of the PCR-amplified OMT region from the transformed 2nd LR O. basilicum CVOMT colony. Arrows show the location and orientation 
of the EOMT-F and Int-R primer regions. Sequencing results showing external and internal regions are annotated in correct orientation. 
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Figure 6-10:  Nucleotide sequence of the PCR-amplified OMT region from the transformed 5th LR O. tenuiflorum colony. Arrows show the location and orientation of the 
EOMT-F (with few bp changes due to poor sequence quality in the initial region) and Int-R primer regions. Sequencing results showing external and internal regions are 
annotated in correct orientation. 
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Figure 6-11:  Nucleotide sequence of the PCR-amplified OMT region from the transformed 3rd LR O. gratissimum colony. Arrows show the location and orientation of 
the EOMT-F (with few bp changes due to poor sequence quality in initial region) and Int-R primer regions. Sequencing results showing external and internal regions are 
annotated in correct orientation. 
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 Seed collection 
It was necessary to check the seed dormancy at the first stage. A simple test to grow seeds on 
filter paper in petri dishes can help identify the seeds’ activity (figure 6-12). Dormant seeds 
get fungal infections, while non-dormant ones can exhibit signs of fertilisation within a week. 
 
Figure 6-12: Seed germination. (a) Initial period of fertilisation (b) Germination can be seen in non-dormant 
seeds (c) Fungal infections on dormant seeds 
6.4 Discussion 
The main aim of this chapter was to introduce EOMT and CVOMT genes from different 
Ocimum species into binary vector before taking further plant transformation steps. PCR and 
bioinformatics results confirmed that both genes were successfully isolated from the target 
Ocimum varieties. As two different yet partly similar sequences were always derived from all 
result outputs, it can be suggested that two genes, EOMT and CVOMT, are present in some 
Ocimum species. Both EOMT and CVOMT genes, members of the O-methyltransferase gene 
family, act differently on the available substrates (Gang et al., 2002). 
 
Both EOMT and CVOMT gene expression levels are higher in young Ocimum plant parts 
including young leaves and inflorescence. Study reveal that these expression levels decrease 
as the plant reaches an advanced age. Experiments proved that same gene acted differently 
during the secondary metabolic pathway in different Ocimum species. Even though they 
acted on the same substrate at the same time, the quantity of the final product was different in 
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Ocimum varieties (Anand et al., 2016). Overexpression of both genes may lead to the 
production of more methyl derivatives of ME and Estragole, which could be further validated 
by designing expression or chemical analysis of these secondary metabolites.   
 Initial stage of plant transformation 
The necessity of establishing seed sterilising and germination protocols is a key finding of 
this chapter. Both Arabidopsis and Ocimum seeds of different species and from different 
suppliers or locations were obtained to initiate this experiment. As seeds were also collected 
locally from communities, some of them were in a dormant condition showing signs of 
fungal infection during their developmental stages. Henceforth, filter paper test was 
introduced to check for seeds’ dormancy. Later, several different seed sterilisation protocols 
were also designed for in vitro culture. As per Dode et al., 2003, 70% alcohol and sodium 
hypochlorite solutions were added during sterilisation process, while according to Kibler, 
2014, 15% bleach solution was also tried to surface sterilise Ocimum seeds. Eventually, a 
modified version of Banu and Bari’s (2007) protocol was established in which seeds were 
treated with 20% Savlon and a few drops of Tween-80 solution followed by three to four 
washes of doubly distilled water. These treated seeds were grown on an MS medium to 
obtain sterile in vitro shoots and root formations.   
 Gateway cloning – different ways of gene assembly 
Gateway cloning technique has the primary advantage that one single recombination reaction 
moves a piece of DNA from one plasmid into another. This simplifies the process and 
reduces the time compared to restriction ligation cloning. As the binary vector used as a 
destination vector during this cloning, the GOI was introduced into the binary vector, which 
is all prepared for the next stage of the plant transformation experiment. DNA templates were 
designed in the form of G-blocks, which were used for PCR with Att primers to attach Att 
sites to the GOI, followed by ligation with the entry clone. This clone was later transferred 
into the binary vector. Good quality results were confirmed by sequence analysis at each step 
to make the whole experiment reliable.  
 
The final product produced during the Gateway cloning process is the binary vectors 
containing the four GOIs. O. basilicum (EOMT), O. basilicum (CVOMT), O. tenuiflorum and 
O. gratissimum were prepared, which could provide a firm base for future stages of the plant 
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transformation process. An efficient set of these results can be used as a building block for 
several new plant reserch projects.            
6.5 Conclusion 
The current study has shown that the Gateway cloning system can be successfully used to 
prepare binary vectors for future plant transformation experiments. This represents an 
advantage over the various cloning techniques that do not use the RE strategy. With the use 
of suitable Gateway enzymes, Att sites were successfully flanked to prepare binary vectors 
containing the four G-blocks O. basilicum (EOMT), O. basilicum (CVOMT), O. tenuiflorum 
and O. gratissimum. The Att primers were designed according to Gateway cloning sites 
where some extra base pair sequences called ‘Shine-Dalgarno (SD) Sequences’ were added. 
As described by Kim et al. (2014), the addition of these few base pair sequences with Att 
primer sites can increase the success rates of the gene translation process.  
 
The binary vector has become the popular choice for Agrobacterium-mediated genetic 
transformation due to its stability, ease of handling and the existence of a range of reporter 
genes (Ogawa et al., 2008). All four G-blocks had been successfully designed and cloned into 
the binary vector, with impressive colony screening results.  
 
Various seed sterilisation protocols including Kibler (2014) and Dode et al. (2003) were tried 
in order to surface sterilise Ocimum seeds. Eventually, a modified version of Banu and Bari’s 
(2007) protocol including 20% Savlon and a few drops of Tween-80 solution was 
implemented for Ocimum as well as Arabidopsis seeds. Together with the combination of 
binary vector preparation results, these protocol steps could help produce the next round of 
plant transformation experiment results. 
 
Previous research findings have reported the development of an Agrobacterium tumefaciens-
mediated genetic transformation in O. basilicum, O. citriodorum (Deschamps and Simon, 
2002), O. tenuiflorum (Vyas and Mukhopadhyay, 2014) and O. gratissimum (Khan et al., 
2015). These publications strongly emphasise the well-developed transformation protocol for 
this important medicinal plant. The MS medium supplemented by various growth hormones 
produced the best response, with the A. tumefaciens strain containing the binary vector, 
harbouring the gus-A reporter gene, the Cauliflower Mosaic Virus (CaMV) 35S promoter and 
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neomycin phosphotransferase as selection marker genes to achieve the maximum 
transformation frequency (Deschamps and Simon, 2002; Khan et al., 2015). The well-
established transformation protocol could be used to investigate the novel therapeutic 
compound by studying its functional genomics characteristics.  
 Future work 
Results achieved during this experiment, including binary vector preparation, the seed surface 
sterilisation technique and the MS medium protocol constitute a highly efficient set of data. 
These details can be further used to initiate Ocimum plant transformation research projects. 
 
Two operationally different OMT enzymes, EOMT and CVOMT, were identified in a few 
Ocimum species, though separation of the relevant proteins was made difficult by the 
identical molecular mass (Wang and Pichersky, 1999). Two cDNA sequences for EOMT and 
CVOMT enzymes were later identified and used for E. coli expression (Gang et al., 2002). An 
intensive study of both OMT gene expressions, their gene and encoded protein structures 
along with a bioinformatics-based examination would be useful to establish Ocimum plants as 
a natural source of pharmaceuticals. 
 
The stable insertion of the transgene and the regeneration of the particular cell are both 
necessary for each transformation process. Selection markers and reporter genes are 
important tools to detect transformation sites. The plant inoculation method, in which young 
flowers are inoculated in bacterial culture, is famous for Agrobacterium-mediated plant 
transformation (Chang et al., 1994). In order to increase transformation efficiency, some 
supporting techniques including particle bombardment to produce wounds at the inoculation 
site (Hansen & Chilton, 1996) and microinjection to insert genes into the intracellular region 
of bacteria (Escudero et al., 1996) can also be used. 
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7 Chemical analysis 
7.1 Introduction 
In plants, a large number of secondary metabolites are biosynthesised through metabolic 
pathways. The majority of them are of high interest to the chemical and pharmaceutical 
industry. The aim of this chapter is to quantify four secondary metabolites from different 
Ocimum species: eugenol, ME, chavicol and estragole. 
 Chemical analysis of secondary plant metabolites 
Plant secondary metabolites have evolved during plant development process to defend plants 
against bacteria, herbivores, viruses and fungi. Secondary metabolites serve as signal conductor 
to attract seed-dispersing animals and pollinating agents. They are immensely useful for 
humans to treat various health disorders and as pesticides, perfumes, spices as well (Wink, 
2008). It is interesting to find out the single SM mode of action as plants are used as natural 
combinations in traditional medicine systems (Chevallier, 2001). Another interesting thing is 
to check which plant species have been used for medicinal purpose as some SM can be find in 
more than one plants, for example eugenol is present in cloves oil, basil, nutmag and bay leaf 
(Khalil, et al., 2017).  
 
Secondary metabolites can be divided into three groups as shown in figure 7-1 (Croteau et al., 
2000). Around 200,000 secondary plant metabolite structures have been identified to date, a 
number that is growing continually (Hartmann, 2007). Several techniques such as HPLC 
(High-Performance Liquid Chromatography), TLC (Thin-Layer Chromatography), NMR 
(Nuclear Magnetic Resonance) and MS (Mass Spectrometry) are employed to separate and 
identify secondary metabolites (Lagrouh et al., 2017). 
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Figure 7-1: Plant phytochemical compounds (Ref.: 
https://www.sciencedirect.com/science/article/pii/S1156523316303171) 
 
7.1.1.1 Chemical analysis in Tulsi plants  
Essential oils are collectively known as volatile oils, as their compositions are different from 
normal oils and they are chemically unstable compounds. Unlike normal oils, essential oils are 
mainly obtained by steam distillation (Burt, 2004). Their presence can only be found in 
specially formed glandular glands or secretion cavities (Bakkali, 2008). Clove oil is the best 
example of such essential oil containing antiseptic properties that inhibit bacterial growth by 
interfering with their transportation and respiratory activities (Wei and Shibamoto, 2010). 
Essential oils contain oxygenated and hydrocarbon compounds and are used to store cosmetics 
and food items. Due to the presence of oxygenated compounds and aromatic rings, these 
essential oils contain specific odours. The aromatic compounds containing terpenes are 
completely soluble in alcohol and partially in water (Trease and Evans, 2009). An essential oil 
of plants mainly contains phenylpropenes and terpenoid compounds that are responsible for 
certain plant characteristics. Generally, an essential oil of plants (for example Ocimum) is 
directly used in phytotherapy, which contains a mixture of secondary metabolites. It is most 
likely that the use of these essential oils for medicinal purposes exhibits the synergetic 
interaction of several secondary metabolites present in the oil. Evaluation of a single compound 
is therefore difficult (Wink, 2015). Similarly, Tulsi essential oil also contains several secondary 
metabolites including eugenol, chavicol and their derivatives. These phenylpropenes have not 
been the subject of much study.  
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Along with eugenol, chavicol and their methyl derivatives, other phenolic compounds 
including cirsimaritin, rosmarinic acid, cirsilineol and apigenin are also present in various 
Ocimum species (Parasuraman et al., 2015). These compounds are mainly found in essential 
oils from trichomes, while terpanoids, tannins, sterols, limelool, steroids and saponins are 
present in leaves and stems (Pattanayak et al., 2010; Ali, 2016).   
 
Two types of oil are present in the Tulsi: volatile oil, which has strong aroma and evaporates 
quickly, and non-volatile or fixed oil. Volatile and non-volatile oils occur mainly in leaves that 
are used in both fresh and dried forms (Jamshidi and Cohen, 2017). Eugenol, Methyl Eugenol 
(ME) and other phytoconstituents make up the majority of essential oils (Saharkhiz et al., 
2015). According to recent findings (Bhuvaneshwari et al., 2016), eugenol and its derivatives 
make up around 45 per cent of the essential oils in O. tenuiflorum, while chavicol and methyl 
chavicol constitute approximately 25% of the essential oils. It has been reported that the 
production of these compounds reaches its maximum level in young leaves and during floral 
bud initiation, although their levels vary across Ocimum species (Saharkhiz et al., 2015). In O. 
basilicum, the content of the compounds eugenol and ME were found to be correlated with 
plant heights. The amount of ME was predominant when plant heights were around 10cm, 
while taller plants contained high levels of eugenol (Miele et al., 2001).   
 
Before beginning chemical analysis of plant compounds, the material must be completely dried 
to ensure that the target compound is efficiently liberated into the solution. Air-, freeze- and 
oven-drying are the most popular techniques for this purpose. Freeze- and oven-drying 
techniques use high vacuum pressures and temperatures respectively, which are responsible for 
high losses of essential oil components, while air-drying naturally allows plant material to dry, 
consequently losing much less of the essential oils through evaporation because of the 
expansion of cells when freeze- or oven-drying, which allows oil to evaporate (Sasidharan, et 
al., 2011). Studies have shown that eugenol levels remain stable during air-drying, with a very 
small decrease during freeze- and oven-drying (Díaz-Maroto et al., 2004). 
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 Chemical properties and threshold levels of target secondary metabolites 
7.1.2.1 Eugenol (1-hydroxy-2-methoxy-4-allylbenzene) 
Eugenol is a hydrophobic phenolic phenylpropane containing aldehyde and alcohole groups 
(Trease and Evans, 2009; Saharkhiz et al., 2015). Eugenol plays an important part in Tulsi’s 
medicinal properties, as it acts as an antioxidant, antihyperlipidemic and painkiller in dentistry 
(Pattanayak et al., 2010; Singh et al., 2012; Cohen, 2014). Eugenol is found in different 
amounts in each Ocimum cultivar (Jamshidi and Cohen, 2017). According to FAO (the UN’s 
Food and Agriculture Organisation), a daily 2.5mg/kg eugenol intake is acceptable (Oetinger, 
2003; Sağlam et al., 2016; Yang, Zhao and Zeng, 2016). 
   
The inhibition of glycation and advanced glycation (AGEs) end products are two of the main 
therapies used to cure diabetes. Eugenol has a dual mechanism which helps in this combination 
therapy. It also contains some anticancer properties: it can restrict melanoma cell proliferation, 
with a demonstrable 50% inhibition using 0.5 μM. However, its isomer, including isoeugenol, 
does not show such activity. Gosh and his team (Ghosh et al., 2005) carried out an experiment 
on laboratory rodents by using 125mg/kg eugenol, which decreased tumour size, delayed 
tumour growth and prevented tumour metastasis. It also exhibits an antibacterial effect 
(1mg/ml) against Gram+ bacteria (Laekeman et al., 1990). A 2μ/ml concentration of eugenol 
shows an inhibitory effect on Helicobacter pylori germs after nine to 12 hours of incubation, 
with a low pH value (Ali et al., 2005). The development of bacterial resistance was not 
observed even after 10 passages, and this experiment also demonstrated prevention of H. pylori 
with sub-inhibitory eugenol concentration (Ali et al., 2005). Devi et al. (2016) report that 
eugenol disrupts bacterial cell membranes and macromolecules present inside the cell. 
  
Antifungal eugenol activity also been reported, where a eugenol dose of 10mg/kg/day was 
given to guinea pigs via an intravaginal route to treat Microsporum gypseum-type 
dermatophyte (Chami et al., 2004a). A parallel experiment on male and female mice with liver 
tumours, carried out by administrating eugenol at daily concentrations of more than 3,000ppm 
in their diets concluded that eugenol is a non-hepatocarcinog compound (National Toxicology 
Program 1983; Auerbach et al., 2010). All these examples prove that eugenol acts as an active 
compound from a clinical point of view. Surprisingly, methyleugenol produced from eugenol 
is a known carcinogen and shows genotoxic activity, while eugenol’s toxicity is considerably 
lower than its methyl derivative (Committee on H.M.P., 2011).  
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7.1.2.2 Methyl eugenol (ME) 
Eugenol plays a precursor role in the formation of ME in the presence of the eugenol-O-
methyltransferase enzyme (Bhuvaneshwari et al., 2016). ME has similar characteristics to 
safrole, which is a carcinogenic phenylpropanoid (Telci et al., 2006). ME’s carcinogenicity has 
already been observed in animal models during clinical trials (Waddell, 2005). Activity related 
to ME’s toxicity has also been observed in humans (Al-Subeihi et al., 2015). 
Basil, lemon grass, nutmeg, cloves and other culinary herbs also contain ME (Environment 
Canada, 2010), as do some fruits including bananas and grapefruit, at levels lower than 
0.1mg/kg (TNO, 2010). The different amounts of ME levels in basil has been extensively 
studied (Lawrence et al., 1988; Sheen et al., 1991). Upper and lower ME dietary exposures 
have been decided by the Joint Committee of WHO and FAO in Europe and the US, these 
being 80.5μg/day and 9.6μg/day and respectively (JECFA, 2009; Williams and Mattia, 2009; 
IARC, 2013). 
    
ME has been considered by the US Food and Drug Administration Act (21 CFR §172.515) as 
being less harmful (FDA, 2004), although in Europe and the UK the 1334/2008 regulations of 
2011 have regulated threshold levels. The maximum level of ME for various food ingredients 
vary: 10mg/kg in sauces and soups, 15mg/kg in meat products, 1mg/kg in non-alcoholic drinks, 
10mg/kg in fish products, 60mg/kg in readymade snacks and 20mg/kg in dairy products. 
Threshold levels of ME have not yet been decided for frozen and dried herbs. For example, 
large amounts of basil (which contains high levels of ME) are used in manufacturing pesto 
sauce (European Commission, 2008). Similar rules apply in Canada and the EU, where 
essential oils containing ME are used for cosmetic products. An exposure limit to ME is 
estimated at 0.01 per cent for fragrances, 0.0002 per cent for oral cleaning agents, 0.004 per 
cent for toiletries, 0.001 per cent for skin cleansers and 0.002 per cent for fragrance creams 
(SCCNFP, 2000; Health Canada, 2010). Canada’s government has concluded that a maximum 
ME level of 200 μg/kg bw/day can be allowed for oral use (Government of Canada, 2010).     
7.1.2.3 Chavicol 
Chavicol, also known as p-allylphenol, is one type of organic compound. It contains the 
hydroxyl group that is constituted from the propenyl and hydroxyl groups. However, compared 
to other basil SMs, more study is still required to confirm the effects of this secondary 
metabolite.  
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7.1.2.4 Estragole (Methyl chavicol) 
Estragole, also known as 1-allyl-4-methoxybenzene, belongs to the alkenylbenzen group and 
is a volatile phenylpropanoid. Table 7-1 shows the names of plants containing estragole. It is 
interesting that these plants also produce other metabolites that can affect estragole levels and 
characteristic in particular plant species. 
  
Table 7-1: Amounts of estragole in plants essential oils (modified from EFSA, 2009, based principally on 
Council of Europe publications) 
Sr. No. Plant species Estragole amount in % 
1 Anthriscus cerefolium Max 0.8 
2 Artemisia dranunculus 0.7 
3 Foeniculum vulgar 0.3 
4 Illicium verum Max 0.25 
5 Ocimum basilicum Approx. 0.4 
6 Pimpinella anisum Max 0.04 
 
Estragole is a carcinogen (and therefore CVMOT expression is harmful) that has similarities 
to safrole. Though, it is only at dosages ranging from 1 to 10mg/kg bw, which is 100 to 1,000 
times higher than human consumption, when laboratory rodents demonstrate estragole’s 
genotoxic nature. It was therefore concluded that herbal products containing estragole do not 
pose a significant risk to human health at this stage. HMPC did, however, note that the use of 
products containing estragole should be restricted for certain groups of people such as pregnant 
and breastfeeding mothers and young children. HMPC also emphasises the necessity for further 
research on this component, as details regarding skin absorption are missing from the dataset 
(EMA, 2014). 
 
According to HMPC guidelines, the average range of estragole levels in food products is 0.5-
5mg, although this is different in each country. EU data, for example, indicates that daily 
exposure to estragole is as high as 1mg (CoE 2005), while in US it is around 0.6mg (JECFA 
2009). In 2001, SCF concluded that estragole was a genotoxic and carcinogenic compound, so 
their recommendation was to reduce and restrict its usage. Later in 2002, the Flavor and Extract 
Manufacturers Association panel concluded that profiles of metabolic activity and covalent 
binding are only active at very high levels; at lower levels they are significantly less (Smith et 
al., 2002). Since 2005, however, several research publications have mentioned estragole 
toxicity levels, prompting HMPC to revaluate the toxicity levels of estragole. 
0.5mg/person/day was determined for adults using herbal medicine treatments. This level has 
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only been accepted for the short-term (i.e. a maximum of 14 days) use of herbal medicinal 
products. In children, this level is set considerably lower – 0.2mg/day for body weights of up 
to 20kg.   
 Diode array detection (DAD) coupled to HPLC 
A diode array is a detector coupled to an HPLC instrument which can detect the absorbance of 
light at several wavelengths simultaneously when a compound elutes from the HPLC column 
and passes through the flow cell (Swartz, 2010). The detector response should be proportionate 
to the compound concentration according to Beer-Lambert’s Law, making it ideal for 
quantitative purposes (Mehta, 2012). As seen in figure 7-3, a DAD detector consists of one or 
several light sources generating a light that passes through the flow cell, where the eluting 
compounds from the HPLC column are introduced (Rance et al., 2010). The grating (or a 
prism) will then disperse the light so that different wavelengths fall on different diodes.    
 
Figure 7-2: Schematic diagram of a diode array detector (DAD) (courtesy of Dr Linda Bengtstrom). 
7.2 Materials and method 
 Chemicals and reagents 
Acetonitrile (HPLC grade, 99.9 per cent) and methanol (HPLC grade, 99.9 per cent) was 
purchased from Rathburn (Walkerburn, UK). Mobile phase A was prepared using water (HPLC 
grade, 99.9 per cent) from Fischer Scientific (Loughborough, UK). Eugenol (>98 per cent), 
ME (>98 per cent) and methyl chavicol (>98 per cent) were purchased from Sigma-Aldrich 
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(Steinheim, Germany). Chavicol (>98 per cent) was obtained from abcr GmbH (Karlsruhe, 
Germany.  
 Samples analysed 
Young leaves of O. tenuiflorum (both Ram and Shyam cultivars) and O. gratissimum were 
collected from De Montfort University’s glasshouse. O. basilicum was purchased from a local 
vendor. All samples were air-dried at room temperature before plant extraction.  
 Sample preparation 
After drying, the collected plant material (as per table 7-2) was manually ground using a mortar 
and pestle and were then left to macerate in 3mL methanol. The samples were then kept for 
4°C O/N and were subsequently filtered using nylon filters (0.2µm) purchased from VWR 
(Lutterworth, UK). The samples were then transferred to clear HPLC glass vials for analysis. 
 
 
Table 7-2: Sample preparation details 
Sr. No. Sample type Sample weight Solvent 
(MeOH) 
1 Fresh 10 g 20 mL 
2 Fresh 2 g 20 mL 
3 Fresh 1 g 3 mL 
4 Dry 1 g 5 mL 
5 Dry 0.5 g 5 mL 
  
 Preparation of calibration standards 
When working with HPLC, good calibration is absolutely essential to ensure reliable, quality 
results. Proper calibration of an HPLC instrument begins with the making of a suitable 
calibration standard. Here, calibration standards were prepared for an eight-point calibration 
curve according to Table 7-3.  
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Table 7-3: Preparation of different stock solution concentrations to obtain a calibration curve for each 
standard 
Compound 
STD 1 
(µg/ml) 
STD 2 
(µg/ml) 
STD 3 
(µg/ml) 
STD 4 
(µg/ml) 
STD 5 
(µg/ml) 
STD 6 
(µg/ml) 
STD 7 
(µg/ml) 
STD 8 
(µg/ml) 
Eugenol 5 2.5 0.625 0.16 0.08 0.02 0.00 0.00 
ME 50 25 6.25 1.56 0.78 0.20 0.05 0.00 
Chavicol 1000 500 125 31.25 15.63 3.91 0.98 0.00 
Methyl 
chavicol 
1000 500 125 31.25 15.63 3.91 0.98 0.00 
 
 HPLC-DAD analysis 
Analyses of the secondary metabolites were performed using an Agilent 1100 series HPLC 
with a DAD (Santa Clara, CA, US). The column used was Kinetex® 5C18 (5µm, 4.6 x 150 
mm) with a KrudKatcher Classic HPLC In-Line Filter 0.5µm filter (Phenomenex, Torrance, 
CA, USA). Mobile phase ‘A’ was water and 0.1% acetic acid, and mobile phase ‘B’ was 
acetonitrile and 0.1 per cent acetic acid. This mobile phase mixture was used for an isocratic 
separation in 50:50 proportions at a total run time of 15 minutes. The column temperature was 
set to 35°C and flow rate was 1mL min-1. Injection volume was 5μL and the detector 
wavelength was set to 250nm. 
7.3 Results  
 Calibration and validation of HPLC method 
A total of four secondary metabolites (eugenol, ME, chavicol and methyl chavicol) were 
extracted from O. basilicum, O. tenuiflorum Shyam, O. gratissimum and O. tenuiflorum Ram 
leaves and were analysed by HPLC-DAD. Figure 7-4 (A-D) illustrates typical calibration 
curves obtained for eugenol, ME, chavicol and methyl chavicol. The linear regression (R2) at 
0.99 for all analytes indicates a satisfactory linearity for all compounds analysed.  
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Figure 7-3: Examples of calibration graphs obtained for [a] eugenol [b] ME [c] chavicol and [d] methyl 
chavicol concentration vs HPLC peak area 
 
The limits of detection (LOD), defined as three times the standard deviation for the lowest 
standards in the calibration curve, were established as follows: eugenol was 22ng mL-1, ME 
1µg mL-1, chavicol 7µg mL-1 and methyl chavicol 1µg mL-1. The limit of quantification (LOQ), 
defined as ten times the standard deviation for the lowest standards in the calibration curve, 
were established as follows: eugenol was 75ng mL-1, ME 3.5µg mL-1, chavicol 23µg mL-1 and 
methyl chavicol 3.5µg mL-1. 
 
The representative chromatogram shown in figure 7-5 illustrates the separation of the four 
secondary metabolites investigated in O. tenuiflorum Ram. As seen in Figure 7-5, the smallest 
and most polar compounds, chavicol followed by eugenol are eluted first in the reverse phase 
HPLC separation. Both of these compounds contain an alcohol (-OH) as a functional group, 
which can increase the polarity of the molecule (Koeduka et al., 2006). The interactions 
between the analyte and stationary phases increase along with the non-polarity increases, as is 
the case with ME and methyl chavicol, leading to a longer retention time for these compounds 
 
[a]      [b] 
    
[c]      [d] 
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(Tshilanda et al., 2016).  This increase in non-polarity is due to the addition of a methyl group 
(-OCH3) to these compounds. Moreover, no co-eluting components were detected during the 
evaluation of the specificity of the method. It should also be noted that all analytes are baseline-
separated.  
209 
 
Time (min) 
m
A
U
 
Chavicol  
(Rt 2.3 min) 
Eugenol 
(Rt 2.4 min) 
Methyl eugenol 
(Rt 5.4 min) 
Methyl chavicol 
(Rt 8.5 min) 
Figure 7-4: A representative chromatogram of eugenol, ME, chavicol and methyl chavicol extracted from dried O. tenuiflorum Ram leaves and extracted by methanol 
 
210 
 
 Optimisation of extraction 
Eugenol is an established antidiabetic agent, and an aqueous extract of Tulsi leaves has been 
reported to be used by the local population in India (Naga Raju et al., 2006). As seen in figure 
7-5, all the secondary metabolites analysed contain polar functional groups. According to the 
principle “like dissolves like” a polar solvent such as methanol is suitable for the extraction of 
eugenol, ME, chavicol and methyl chavicol from plant material. 
 
Initial pilot data (see figure 7-6) reveals that the most efficient method for extraction of the 
analytes from O. basilicum is to use dry leaves rather than fresh. In general, a smaller amount 
of material, either fresh or dry, gave higher extraction efficiency for the secondary metabolites 
analysed. These findings are in accordance with results published by Díaz-Maroto et al. (2004), 
which show that air-drying Ocimum leaves does not affect eugenol concentration (ranged from 
40-60 μg/g). 
    
Even though no concentrations of methyl chavicol were found in any of the O. basilicum 
extracts, it can be assumed that extraction efficiency will be akin to the chemically similar 
secondary metabolites found in the extract.  
 
Figure 7-5. Concentrations (µg g-1) of eugenol, ME and chavicol, measured in O. basilicum fresh and dry 
leaves in different proportions to the solvent volume. Note that the y-axis is a logarithmic scale 
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Both fresh and dried samples are used in this study to determine whether the drying process 
affect the SM levels. The comparison between fresh and dry leaves along with different 
solvent volume showed more SM production in dry samples.  
 
Dried plant materials are common and best to extract phytochemicals as dry plant material 
gives free bonding of solvents with the phytochemicals according to its polarity.  Wet sample 
produce more viscosity and lack separation of secondary metabolites corresponding to 
polarity of the solvent used.   
 Analysis of Tulsi extracts 
Once the optimal extraction conditions were established (see Section 7.3.2 using O. basilicum 
as a model system), samples collected from O. basilicum, O. gratissimum, O. tenuiflorum Ram 
and O. tenuiflorum Shyam were extracted according to the optimised protocol. As seen in 
Figure 7-6, the highest concentration of eugenol was found in O. tenuiflorum Ram (21µg g-1). 
In a study by Annad et al. (2016), the highest amounts of ME were reported in O. tenuiflorum, 
while this experimental dataset had shown the most abundant ME in O. basilicum which was 
around 1,800µg in each gram of plant material. As seen in figure 7-7, the results obtained in 
terms of the proportions of eugenol and ME between these two species obtained in this study 
were in accordance with these previously published results. Moreover, since a smaller amount 
of eugenol was detected in O. basilicum plant extracts than in O. gratissimum and O. 
tenuiflorum Ram, it is possible that a majority of eugenol had been converted to ME.          
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Figure 7-6: Concentrations (µg g-1) of eugenol, ME, chavicol and methyl chavicol measured in dried 
leaves from O. basilicum, O. gratissimum, O. tenuiflorum Ram and O. tenuiflorum Shyam. Standard 
deviation is indicated as error bars. Note that the y-axis is a logarithmic scale 
 
The highest concentration of ME was found in O. tenuiflorum Ram (202 µg g-1) (Figure 94). 
However, no chavicol was detected in O. gratissimum. These findings are in conflict with 
previously reported results, where chavicol was detected in O. gratissimum and the highest 
amount was detected in O. basilicum (Anand et al., 2016). 
  
Additionally, 60µg of methyl chavicol was detected in 1g of O. tenuiflorum Ram leaf material 
(Figure 7-6). No concentrations of methyl chavicol were detected in any of the other plant 
species. This finding is also in conflict with previous studies, which found methyl chavicol 
only in O. basilicum (Anand et al., 2016).  
 
7.4 Discussion 
The presence of eugenol and chavicol and their methyl derivatives in basil is likely to contribute 
to the antimicrobial, antidiabetic and anti-carcinogenic properties of the Ocimum plant. 
Eugenol is the most-studied antidiabetic agent of all the secondary metabolites, and therefore 
varieties containing eugenol can act as a remedy for diabetic patients. Plant material, mainly 
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leaves, from the Ocimum genus can be used in fresh or dry form to produce these herbal 
remedies. 
  
Ocimum is an important genus of the Lamiaceae family. It consists of aromatic annual and 
perennial herbs and bushes (Boggia et al., 2014). Different Ocimum species will produce 
varying concentrations of phenylpropanoids, such as eugenol, chavicol and their methyl 
derivatives. In this study, all four secondary metabolites were found in O. tenuiflorum Ram. 
Eugenol and ME were found in leaves from the O. basilicum and O. tenuiflorum Shyam plants.  
 
Additionally, the chavicol and methyl chavicol are both absent in O. gratissimum, which might 
indicate the absence of CVOMT enzyme activity and also of substrate. Conversely, in O. 
tenuiflorum Shyam and O. basilicum, the substrate for methyl chavicol, chavicol were found, 
yet the absence of the relevant enzyme (CVOMT) might affect the production of methyl 
chavicol. All these compounds are synthesised on the glandular trichomes of the leaves of 
plants in the Ocimum genus, a synthesis that is related either to the structure of these leaves 
(Gang et al., 2001) or to plant heights (Miele et al., 2001).  
 
The diversity of the various phenylpropanoids in the Ocimum species can be explained by the 
differential gene expression patterns of EOMT and CVOMT. The low expression levels of 
particular enzymes might lead to the absence of related compounds. It might also have some 
connection with the post-translation modifications in which, certain metabolites are absent 
because of transcript abundance. For example, the amount of chavicol is higher in O. basilicum, 
yet due to post-translation ubiquitylation of the CVOMT enzyme, no methyl chavicol was 
detected (Xie et al., 2008).       
 
7.5 Conclusion 
In general, all the Ocimum plants studied showed some level of production of the antioxidants 
eugenol, chavicol and their methyl derivatives, which is beneficial for treating the number of 
diseases. However, plant extracts and their isolated compounds cannot be similar to Tulsi used 
as a whole plant in its natural form. Tulsi has various therapeutic benefits apart from those 
relating to diabetes. It has been included in diets, too. A reconsideration of its use alongside 
synthetic drugs is, however, recommended. 
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 Further work 
In this study, a target chemical analysis of the four secondary metabolites (eugenol, ME, 
chavicol and methyl chavicol) extracted from dried leaves from various plants of the Ocimum 
genus and analysed by HPLC-DAD has been presented. Future studies could analyse these 
phytochemicals in other Ocimum species. Moreover, plant material could be collected from 
different parts of the plant and at different stages in its development in order to further 
investigate the production of the phytochemicals. Another study might chemically analyse 
commercial products including powdered Tulsi or Tulsi tea to further establish the health 
benefits of such products. These antioxidant compounds present in Ocimum plants can also 
be further analysed by designing lengthier DPPH assays. A test for the adverse health effects 
of the Ocimum plant extracts and commercial products produced using various human cell 
assays by designing lengthier DPPH assays is also recommended. 
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8 General Discussion and future work 
8.1 Summary of the research project 
This research project was set out to compare the AA sequences of the enzyme O-
methyltransferase within different Ocimum species. The results of this study have produced a 
novel approach by identifying lesser-known secondary methods of metabolite production and 
how they differ within each species and chemotypes. Furthermore, molecular analysis 
including DNA and AA sequences were studied in great detail in order to provide a firm 
foundation for sequence analysis and the study of protein production (Chapter 4). 
Authentication, sequence analysis and different phases of the research study are illustrated in 
Figure 8-1. 
 
Figure 8-1: Different phases of the research study. The figure highlights the direction of the entire research 
study, from the point of identifying the OMT gene in the Ocimum species as well as designing different 
cloning strategies including G-blocks for the target Ocimum species 
 
Tulsi has great value within the Hindu community as a sacred plant. It is famous for its 
numerous medicinal benefits and its religious significance, although this research study has 
targeted different properties of this plant by identifying some lesser-known enzymes which 
expression can be harmful to humans. The plant’s commercial value can be increased by 
removing or minimising the effects of these genes in certain Ocimum species. 
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 Authentication of the starting material 
The plastid trnH-psbA region has been selected for authentication purposes due to its high 
copy number, good priming sites, interspecific variation and, most importantly, the short 
region which may be useful for degraded and damaged samples (Kress et al., 2005; Howard, 
2010). The DNA-based identification method has begun to gain popularity over the 
established chemical identification method. Three types of Tulsi were initially collected from 
Hindu community: Ram (O. tenuiflorum), Shyam (O. tenuiflorum) and Vrinda (O. 
gratissimum). The main aim of this research was firstly to identify unknown samples using 
the DNA barcoding technique. Once this technique was in place, OMT genes were isolated 
using the same strategies from fresh plants, vouchered specimens and commercial samples. 
Previous studies have revealed that the trnH-psbA plastid region is more reliable for 
identification of Ocimum species than the ITS region (Bhamara et al., 2015), a finding further 
supported by the present research study’s identification of OMT genes in authenticated 
Ocimum samples.  
 Explore the occurrence of OMT DNA polymorphism 
After authentication, targeted OMT primers were first identified and tested to isolate the 
OMT gene from a range of Ocimum species. Renu et al. (2014) and Gang et al. (2001 and 
2002) findings were used to identify suitable OMT primer pairs. As well as these literatures, 
some primers were also designed using online primer design tools. Among all these primer 
pairs, the EOMT primer sequence taken from Renu et al. (2014) proved most effective and 
was used throughout the study. This EOMT primer pair has managed to cover most of gene 
region, although it could not efficiently cover the middle, the beginning and end parts of the 
sequence. By designing two more primer pairs, entire OMT genes (1074 bp) were amplified. 
These interesting findings led this research to obtain novel results which have never been 
achieved before. This was done by using these primer pairs for sequence purpose. A detailed 
alignment containing different Ocimum species and chemotypes was prepared in order to 
study DNA polymorphism of the OMT gene. It is the first time this kind of alignment 
containing the different Ocimum species and chemotype sequencing has been prepared. As 
different chemotypes are included for a single species (O. tenuiflorum), it is easier to see the 
differences and similarities between the base pairs. DNA sequences were subsequently 
translated into AA sequences. After carefully studying of the AA alignment to determine 
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their differences, the relevant DNA sequences were further cross-checked. After preparing 
the final alignment output, polymorphism tables were prepared to identify AA differences 
within different Ocimum species and varieties of O. tenuiflorum. Some visible differences can 
be seen in the form of different groups. O. tenuiflorum and O. gratissimum display some 
similarities by their location in one group, while other species including O. basilicum, O. 
americanum, O. citriodorum, O. kilimandscharicum and O. selloi can be placed in another 
group by examining the AA differences within these groups. Gang et al. (2002) shows only 
261 positional differences (Figure 8-2) responsible for EOMT and CVOMT gene structures. 
This study, on the other hand, reveals many other combinations that can be further studied to 
find AA polymorphisms within different Ocimum species. This unique finding can provide a 
strong foundation for much further research, as this kind of research on OMT gene has never 
before been conducted on such a large scale. By checking AA arrangements, protein 
production levels were further studied in the bacterial system. The resulting findings can be 
used for plant transformation studies, either by using Arabidopsis or Ocimum plant systems 
where OMT genes might be modified to obtain more benefits from this valuable medicinal 
plant. 
 
Figure 8-2: Ser-261 represents EOMT, while Phe-261 represents CVOMT in Sweet Basil (O. basilicum) (Gang 
et al., 2002)
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Figure 8-3: AA alignment outputs showing their arrangements in different Ocimum species within two outputs, from AA No. 1 to 340. AA similarities and differences are 
highlighted in this figure. The red highlighted boxes show the similarities between O. tenuiflorum and O. gratissimum sample sequences at AA Positions 51, 62, 72, 73, 
74, 163, 217, 261, 267, 326, 327 and 330. The combination of red and black boxes shows the differences between O. tenuiflorum and O. gratissimum at AA Positions 90, 
93 and 139. The black boxes at AA Positions 51, 72, 73, 74, 98, 134, 140, 143, 155, 163, 178, 194, 220, 249, 267, 299, 326, 327 and 340 show the similarities and 
differences within O. basilicum, O. americanum, O. citriodorum, O. kilimandscharicum and O. selloi. 
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Figure 8-4: Polymorphic tables showing several AA similarities and differences within four sequences of Ocimum species used to prepare G-blocks. The O. gratissimum 
and O. tenuiflorum EOMTs match the O. basilicum EOMT (but not the CVOMT) at AA Positions 5, 6, 20, 51, 61, 72, 134, 140, 163, 261, 317 and 335. At AA Positions 106, 
111, 117, 166, 217, 241, 269, 283, 284, 334 and 339 the sequences of O. tenuiflorum and O. gratissimum match the O. basilicum CVOMT but not the O. basilicum EOMT.
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By preparing an AA alignment using the sequences of different Ocimum species, the OMT 
similarities and differences in the gene sequence were studied in detail. The sample orders 
were arranged based on phylogenetic analysis, where O. basilicum EOMT and O. basilicum 
CVOMT reference sequences were arranged on top followed by O. basilicum, O. citriodorum, 
O. americanum, O. kilimandscharicum and O. selloi sequences. All O. gratissimum and O. 
tenuiflorum sequences were later collated. As described earlier, AA Position 261 was 
highlighted in previous research (Gang et al., 2002) between EOMT and CVOMT gene 
sequences in O. basilicum only. The current research findings take the next step where 
several combinations of AA arrangements were found within seven Ocimum species. As 
shown in Figure 8-3, the similarities were highlighted within O. gratissimum and O. 
tenuiflorum sequences at several AA positions. At the same positions, the AA were found to 
be different from them within the remaining five Ocimum species, including two published 
O. basilicum sequences. There are some places where O. gratissimum and O. tenuiflorum AA 
display differentiation. Similarly, O. basilicum, O. americanum, O. citriodorum, O. 
kilimandscharicum and O. selloi AA sequences showed interesting combinations at the 
highlighted places. The general conclusion can be derived from these findings that O. 
gratissimum and O. tenuiflorum sequences evolved at the same evolutionary stage, and 
therefore show striking similarities within their AA sequence arrangements. The remining 
Ocimum sequences can be related to each other, though they have surely evolved distantly 
from O. gratissimum and O. tenuiflorum.  
The second most important finding of this research regards the identification of an EOMT 
gene in different Ocimum species. The EOMT gene sequences from O. tenuiflorum and O. 
basilicum are already present in the databases, although this is the first time an EOMT gene 
sequence has been identified from O. gratissimum, O. americanum, O. citriodorum, O. 
kilimandscharicum and O. selloi species.         
 OMT gene transformation in E. coli   
In Ocimum, OMT is one of the key genes involved in the methylation process, especially in 
young leaves (Renu et al., 2014). In the present work the OMT gene was tested by bacterial 
transformation study and chemical analysis. Previous studies have shown that certain 
secondary metabolise production levels vary in different Ocimum species (Anand et al., 
2016). This finding led to another study of the reasons why OMT protein production levels 
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vary across Ocimum species. It may be due to the inactivity of enzyme caused by that 
decrease, or sometimes to the cessation of production of methyl derivatives such as methyl 
eugenol and estragole (Anand et al., 2016). Based on this finding, the present bacterial 
transformation study has been designed to examine OMT protein levels in four Ocimum 
species: O. basilicum (EOMT), O. basilicum (CVOMT), O. tenuiflorum and O. gratissimum.         
 
The pGEM vector transformation was designed by using a poly A tail approach. Molecule 
stability can be increased during RNA processing by adding a poly tail containing multiple 
adenine residues to mRNA. This also prevents the degradation of RNA and facilitates the 
process by which mature RNA is exported from the nucleus and translated into protein. For 
screening the recombinant clones, blue-white colony screening was used for transformed 
colonies using the pGEM vector. For the pET vector, a strategy of restriction enzymes was 
used, that involved identifying two REs at the 5' and 3' ends. By using double digest reaction, 
GOIs were inserted in the correct orientation into the recipient plasmid. The third cloning 
strategy used in this study was Gateway cloning, which differs from the others. In Gateway 
cloning, specially designed ‘Gateway att’ sites and enzyme mixes were used. During the 
cloning process the GOI was transferred from one vector to another while keeping the 
reading frame in the correct orientation. For pET vector transformation and the Gateway 
cloning strategy, the antibiotic resistance (kanamycin) technique was used to screen colonies. 
This is an unusual that three cloning strategies have been used for one research study, and the 
results are impressive. All three cloning result outputs are clear and remarkable, confirming 
that the project is proceeding in the right direction. By using these results and the products 
prepared at the end of each cloning, the next stage of the study of protein expression and 
plant transformation can be initiated without repeating any of the cloning procedures. 
 
The pGEM vector was used to obtain several transformed colonies, the pET vector was used 
to study protein production, and the Gateway cloning system was used to prepare the binary 
vectors containing GOIs for the further study of plant transformation (Figure 8-5). 
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 Figure 8-5: Different cloning strategies. (a) pGEM (Ref.: https://www.slideshare.net/guddasish2007/gene-cloning-44913843; (b) pET (Ref.: 
https://www.khanacademy.org/science/biology/biotech-dna-technology/dna-cloning-tutorial/a/restriction-enzymes-dna-ligase); (c) Gateway cloning strategies (Ref.: 
https://blog.addgene.org/plasmids-101-gateway-cloning). 
(a) (b) 
(c) 
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 The identification of secondary metabolites through chemical analysis 
Ocimum, a member of the Lamiaceae family, contains a diversity of phenylpropanoids, of 
which O. gratissimum and O. tenuiflorum contain large amounts of eugenol and its methyl 
derivatives, while estragole is the most abundant in O. basilicum (Raina et al., 2013). The 
aerial parts of the plant contain the glandular trichomes where these major phenylpropanoid 
compounds are synthesised. They are found mainly in young leaves and inflorescence, and 
their chief role is to protect the plant against pathogen attack (Vassão et al., 2006). They are 
less prevalent in mature plant tissues, and only a negligible amount of these compounds is 
found in the roots and rhizomes (Wink, 2010). According to Anand et al. (2016), different 
gene expression patterns are responsible for metabolite diversity within various Ocimum 
species. Based on this literature study, an OMT gene has been studied with regard to high and 
low levels of metabolite production. As well as considering the levels of secondary 
metabolites, differences in the protein sequence that could affect enzyme activity was studied 
in detail. For example, the various gene activities of OMT enzymes in O. basilicum appear to 
control the production of the relevant phenylpropanoids (Xie et al., 2008). Apart from these 
factors, enzyme levels during the transcription process are also responsible for the variation 
in metabolite accumulation (Zvi et al., 2012; Singh et al., 2015). For example, in chemotypes 
of O. basilicum, different levels of phenylpropanoid have been observed by previous studies 
(Xie et al., 2008). Based on this finding, the present research includes more than one 
chemotype of O. tenuiflorum, followed by different samples of O. gratissimum and O. 
basilicum. While preparing polymorphic tables, various AA arrangements were studied in 
detail to find the similarities and differences in their arrangements in various Ocimum 
species. These results are cross checked by HPLC testing during the chemical analysis 
process. Further details of chemical test results can be found in chapter 7.         
There is limited data available regarding eugenol production in various Ocimum species and 
OMT enzyme. The EOMT enzyme level is highest in O. gratissimum species, where abundant 
eugenol is produced. No production was, however, noticed for methyl eugenol, which 
suggests inactivation of the EOMT enzyme (Anand et al., 2016).  
By silencing the relevant gene or overexpressing the EOMT gene, the enzyme’s exact roles 
can be confirmed in future by using this research findings.      
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8.2 Future work 
 Protein expression and OMT enzyme assay 
Previous studies have revealed that O. basilicum glandular trichomes express two OMT 
enzymes, one specific to eugenol and another, similar one specific to chavicol (Gang et al., 
2002). An activity ratio of these two OMT enzymes is not constant across various sweet basil 
chemotypes (Lewinsohn et al., 2000; Gang et al., 2001). Based on these findings, the present 
research designed a bacterial transformation study by using OMT sequences from different 
Ocimum species including O. tenuiflorum, O. gratissimum, O. basilicum (EOMT) and O. 
basilicum (CVOMT). By designing a protein expression study, the presence of these two 
similar enzymes along with some factors affecting OMT activities could also be identified. If 
noticeable differences are observed within these two OMT enzymes, further analysis can be 
carried out to discern if these enzymes are of completely different forms from each other, or 
whether they overlap on certain substrates. A complete protein expression study of EOMT 
and CVOMT enzymes within different Ocimum species can certainly answer these questions.      
Previous studies have already proved that OMT enzymes are highly expressed in young 
leaves which have large amounts of glandular trichomes. The mRNA transcript level is high 
in these trichomes, and specific enzyme activity is consequently also high. Before cells begin 
to expand, the majority of glands reach to maturity and OMT enzyme activity has started 
decreasing (Gang et al., 2001). This finding can be used to check the enzyme assay results. 
The qPCR technique can be useful in analysing OMT transcript levels to check O-
methyltransferase assay results. The final result can be achieved by finding the 
characterisation of EOMT and CVOMT proteins as EOMT is specific for eugenol while 
CVOMT has similar levels of activity with chavicol, although it can also be active with 
chavicol and eugenol respectively at comparatively low levels. The separate activity of 
EOMT and CVOMT enzymes can be further analysed in different Ocimum species. The 
molecular docking approach can also be used to model the interaction between a small 
molecule and a protein at the atomic level, which allow to characterize the behavior of small 
molecules in the binding site of target proteins as well as to elucidate fundamental 
biochemical processes (McConkey et al., 2002). 
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 Agrobacterium transformation 
By nature, Agrobacterium species act as plant pathogens, but they have been used as a DNA 
carrier for more than three decades in the field of genetic plant engineering. By using an 
improved biotechnological technique, further steps in plant transformation can be designed. 
The major improvements can be seen in the conditions of regeneration and alteration when 
plant tissue cultures are transformed. However, Agrobacterium-mediated transformation is 
highly complex, including genetic manipulation of the bacterium as well as the host plant 
cell. Both Arabidopsis and Ocimum can be used as host plants. The pK2GW7 vector was used 
to prepare the final construct of Gateway cloning products. This Agrobacterium-harbouring 
vector contains four Ocimum OMT cloning products including O. basilicum (EOMT), O. 
basilicum (CVOMT), O. tenuiflorum and O. gratissimum, which can be used in future to 
transform Arabidopsis plants using the floral dip method (Zhang et al., 2006), and the 
Ocimum plant using both the floral dip and tissue culture methods. The plants can be grown 
in temperature-controlled growth chambers, and next generation seeds can be collected to 
check the success of the transformation. 
 Arabidopsis and Ocimum plant transformation 
Compared to other plant species, Arabidopsis thaliana plant transformation is simple and 
quick. It requires no regeneration or plant tissue culture. Arabidopsis flowers can be soaked 
in an Agrobacterium tumefaciens solution along with sucrose and some surfactant solution. 
The success rate of this method is quite high, as both young and mature flower buds can 
produce transformed offspring quickly. The repetition of this process can increase its success 
rate as well as produce new, transformed generations. The transformation rate can also be 
increased by covering plants to retain humidity levels. Further attempts including position 
cloning and T-DNA gene tagging can be designed based on this modified method (Gelvin, 
2003). 
In 2002, Deschamps and Simon (2002) first carried out the Ocimum transformation using the 
Agrobacterium-mediated transformation system. GV3101 and EHA105 Agrobacterium stains 
along with β-Glucuronidase (GUS) transient expression were used to obtain positive results. 
Using similar approach, infected leaf segments can be regenerated using MS media with 
suitable plant growth hormones. New plants regenerate after in vitro cultivation. The 
transformation can be confirmed through PCR and Southern blot analysis. Transgene 
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inheritance can be further checked by colorimetric assay and by PCR of the second 
generation of transgenic plants. The phenotypic characteristic of T1 plants are identical and 
accumulate high concentrations of target secondary metabolites. 
By using these tools, both Arabidopsis and Ocimum plants can be transformed using OMT 
genes to check their activity with regard to the production of the relevant phenylpropanoids. 
For example, according to Anand et al. (2016), abundant eugenol production has been 
recorded in O. gratissimum, although no any traces of methyl eugenol have been found. By 
inserting the EOMT enzyme into O. gratissimum, the conversion of eugenol in its methyl 
derivative can be tested. Similarly, some chavicol production has been recorded in O. 
gratissimum. By inserting the CVOMT enzyme, estragole production can also be tested.                
 Examine the expression of key biosynthetic genes under environmental and plant 
growth conditions which affect ME levels in varieties of Tulsi 
As Tulsi is a sacred plant in the Hindu community, it is present in all the locations around the 
world to where this community has migrated. Extensive research on large tree populations 
regarding the migration and environmental factors that affect the levels of genetic diversity 
(Storfer et al., 2007) has been conducted. Similar studies could be carried out by growing 
identical plants from seeds from various regions followed by checking their OMT genetic 
activity and chemical contents. This study can be further extended by controlling different 
parameters such as temperature, plant development stages and harvesting methods. 
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Appendix 2 Different size introns splicing from genomic DNAs 
1. O. tenuiflorum - 618 (91 BP) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTAAATTCCAACTTTTTCATCGAAG
AAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCC
TTTGACTGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAAT
GGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTAGAGGGGAATTTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGA
TGGCCAAAGCAATTCGTTGAAACAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCAGTGGCT
GGCTTGGAAAGCAACGATAGCTTGAGCTATATTGGAGGAGACAAGTTCCGGTCTATCCCTTCCGCCGAGCCA
GTTCTTCTCATGGTAAATTCCTTAAGCCCCATCCCACGCTAGCTATTTTATATCATCTTATATTGAAAACAAAAC
ACTAATGATGAGGGAAAATACTGACCAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAAAGTCTT
GAAGAGATGAAAAGATGCCGTCGGTATTGGAGGGAAGGTGATTATAATCGATGTGGTTGTGGGTGTCAAAC
AGGACGTTGATGAGGTTGTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGA
262 
 
ATGAACTGAGAAAGAATGGGCAAAGTTCAGATCTGATGCTCGCTTCATATGCTATTACTTTACTCTTGCATTTG
ATGT 
2. O. tenuiflorum - 619 (91 BP) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCCAATTTACTCCAATCCAT
CCCCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGA
AGAAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCG
CCTTTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGA
ATGGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCA
AATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCA
CTAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATG
GCTAAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCT
TGGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCT
TCTCAAGGTAAATTCCTTAAGCCCCATCCCACACAAGCTATTATATATTATCATATATTGAAAACAAAACATTAA
TGATGAGGGAAAATACTGAACAGTCTATAATACAGGACTGGAACGATGAGGAGGGCCTCAAAATCTTGAAGA
GATGCAAAGATGCCGTCGGTATTGGAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACG
TTGATGAGGTTTTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGAAAGAAC
TGAGAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAACCTTACTCCTGCATTTGGTGTG
A 
 
3. O. citriodorum - 674 (93 BP) 
CCTTGGCAAATTTAAGGCCCTTAAAAGGTCCAATCCAATTGGGCATCCCGGATATTTTCCCCAACCAGGCCCCC
CCAATGCCATTTTCCCGGTTATTCCAACCCTTCCCCTTCACCAAGGAAAATTCCCAAAGTTTCCAGCGTTGGAG
GGGTCCATTAGTCAATTCCAATTTTTCCATGGAGGAAAATTTTAATATCCAGGGGGGGGGTTATGGGTTCCCC
CCACCTTCAGGCTTCTTTTGGAGGGGGGCCCTTTGGATGGGGCCCCCCCTGTTCAAGGTGGTTTGGGTTCCCA
TTTTCACAAACCCAGGCCATATAAGGGGGGAAGGGTTTAAACATGAGAACCCCGCCCCCCAGTTTGGGGGCG
CCAAAGGGAGACACGTTTGGGGGGAGGTTGCCAAATAACGCCAGCCAGGGGTGGATTTTTGGAAGACGCTT
GGGGTGGGACGCAAGGCTTGGGGCACATGTACTCCCCAGGGACTACAAGCATGTGATTGATGGAATAAGAA
CATTGGTCGATGTTGGGGGTGGTAATGGAACGATGGCTAAAGCTATCGTAGAAGCAATGCCCACCATGAAAT
GCACAGTTCTTGACCTACCACATGTTGTAACTGGGTTAGAAAGCACCGACAGATTGAGCTATATTGGGGGAAA
CATGTTCCAGTCTATCCCCTCTGCAGATAAAATTCTTCTAAAGGTAAATTACTTAAAGCCCCATTAATCTTAAAT
TATTATATATAATTATATATTGAAAAAAAAATAATATAGTGATGATTAAAATACTACACAGTCTATAATACACG
AGGGGGACCAATAAGGAGGGCATCAATATCGTGAAGAGATGTAAAGATGCAGTTGGTGTTGGAGGGAAGGT
GATAATCATCGATGTGGTTGTGGGTGTCAACCATGACGTTGATGAGGTTTTAGAAGATCAGCTCCACTTCGAT
ATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAACTATGAATGAATGGGGAAAGTTGATTTCTGATGCT
GGCTTCACAAGCTATAAGCTTACTCCTGCATTTGGTGTGAGG 
 
4. O. kilimandscharicum - 676 (90 bp) 
TTCTTCAAGCTCAAGCTCATGTAGGGAACCATATGTATGCCTTTGCAAACTCTATGTCCTTAAAATGTGCAATTC
AATTAGACATACCCGATATTCTCCACAAACATGACCACCCAATGACACTTTCCCAGTTAATCCAAGCCATCCCCA
TCAACAAAGAAAAATCCCAAAGTTTCCAGCGTTTGATGCGTGCACTAGTCAATTCCAATTTCTTCATTGAAGAA
AACTCTAGAGGTGTGTTACTGGCTCACCCCAGCCTCACGCCTCCTGTTGAAGGGGGCGCCTCTAACTGTGGCA
CCCCTTGTCCAAGTCGTTTTGGATCCCACTTTCACAAGCCCATGGCATTATATGAGTGAATGGTTTAAACATGA
GAACCACGCCACCCAGTTTGAGGCAGCAAATGGATGCACGTTTTGGGAGAAGTTAGCAAATAAGCCAAGCAT
GGGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCAAGGCTTGTGGCACATGTACTCACCAAGGACTACAAG
CATGTGATTGATGGAATAAGAACATTGGTCGATGTTGGGGGTGGTAATGGAACGATGGCTAAAGCTATCGTC
GAAGCAGTGCCCACCATGAAATGCATAGTTATTGACCTACCACATGTTGTGGCTGGGTTGGAAAGCAATGACA
263 
 
GATTAAGCTATATTGGGGGAGCCATGTTCCAGTCTATCCCTTCTGCAGATGCGATTCTTCTCAAGGTAAATTAC
TTAAAGCCCCATTAAACTTGAATTATTATATATCATTATACATTGAAAACAAAATAATAATGATGAGTAAAATA
CTAGCAGTCTATAATACACGATTGGGACGATGAGGAAGGCCTCAAAATCTTGAAGAGATGTAAAGATGCAGT
TGGTATTGGAGGGAAGGTGATAATCATCGATGTGGTTGTGGGTGTCAACCATGATGTTGATGAGGTTTTAGA
AGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAACTATGAATGAATGGGG
AAAGTTGATTTCTGATGCTGGCTTCACAAGCTATAAGCTTACTCCTGCATTTGGTGTGAGG 
 
5. O. gratissimum - 744 (103 bp) 
CACATGTAGCGCCTTGGCGAATCTCAATCTCCTTAAAATGTGCAATTCAGTTGGCCTTTCCGCATATTTTCCACA
AACAGGCCCACCCAAGGACATTTTCCCATTACTCCAATTCCTTCCCATCAACAAAGCAAAATCTCAATGTCTCTA
TCGTTTGAGGCGTGTATTAGTCAATTCCAACTTCTTCATCGAGGAAAACAACTCTAATAATCAAGAGGTGCGTT
ACGGGCTGACCCCAGCCTCACGTCTCCTTTTGAAGGGGGCGCCTTTGACTGTGGCACCCCTTGTCCAAGTCATT
TTGGATCCCACTTTCACAAACCCATGGCACCATATGAGTGAATGGCTTACACACGAGCACCACGCCACACAGT
TTGAGCCAGAAAAGGGATGCATGTTTTGGGAGAAGTTAACAAATGAGCCAAGCATGAGTAGATTTTTTGAGG
AAGCTATGAGTTGTGACTCGAGGCTCGTGGCACATGTACTCACCAAGGACTACAAGCATGTTTTTCAGGGAAT
CAAAACATTGGTTGATGTAGGGGGTGGTAACGGAACGATGGCTAGAGCTATTGTGGAAGCAGTGCCCACCAT
GAAATGCACAGTTATTGACCTCCCACATGTTGTGGCTGGCTGGAAAAGCACCGATACCTTGAGCTATATGGGG
GGAGACATGCTCCGATCTATCCCCTCCGCCCGATGCAGTTCTTCTCAAGGTAAATTCCTTTAAGCTTAAGCCCC
GTCATCAAATTAGAAAAATATTATATATCCTCATGCCTTGAAAACAAAACAATAATGATGAGCAAAAAAAATG
AACAGTCTATAAAACACGACCGGAACCAATAAGGAGGGCCTCAAAATCCTGAAAAGATGCAAAGATGCCGTC
CGGATTGGAAGGAAAGGGATTATTATCCACCTGGTTGTGGGTGTCCAACCAGAATGTTGAAGAGGGTCCAGA
AAAACAACTCCACCTCCATATGGCAATGAAGTGGTACCTTAATGCAAAAAAAAGAACCGAAAAAGAAAGGGC
AAAGTTGAACGCCGAAGCCGGCTTCACAAGCCATAAGCCTACTCCCGCCTTTGGTGTGAGG 
 
6. O. basilicum - 745 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTATGGAACCATATAGTATGCCTTTGCAAACTCTATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCCGATATTCTCCACAAACATGACCACCCCAATGACACTTTCCCAGTTACTCCAATCCATC
CCCATCAACAAAGAAAAATCCCAAAGTTTCCAGCGTTTGATGCGTGCACTAGTCAATTCCAATTTCTTCATTGA
AGAAAACTCTAATAATCAAGAGGTGTGTTACTGGCTCACCCCAGCCTCACGCCTCCTCTTGAAGGGGGCGCCT
CTGACTGTGGCACCCCTTGTCCAAGTCGTTTTGGATCCCACTTTCACAAACCCATGGCATTATATGAGTGAATG
GTTTAAACATGAGAACCACGCCACCCAGTTTGAGGCAGCAAATGGATGCACGTTTTGGGAGAAGTTAGCAAA
TAAGCCAAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCAAGGCTTGTGGCACATGTACTCACC
AAGGACTACAAGCATGTGATTGATGGAATAAGAACATTGGTCGATGTTGGGGGTGGTAATGGATCGATGGCT
AAAGCTATCGTCGAAGCAGTGCCCACCATGAAATGCACAGTTCTTGACCTACCACATGTTGTAGCTGGGTTGG
AAAGCACCGACAGATTAAGCTATATTGGGGGAGACATGTTCCAGTCTATCCCTTCTGCAGATGCAATTCTTCTC
AAGGTAAATTACTTAAAGCCCCATTAAACTTCAATTATTATACATAATTATACATTGAAAACAAAATAATAATG
ATGAGTAAAATACTAAACAGTCTATAATACACGATTGGGACGATGAGGAGGGCATCAAAATCTTGAAGAGAT
GTAAAGATGCAGTTGGTATTGGAGGGAAGGTGATAATAATCGATGTGGTTGTGGGTGTCAACCATGACGTTG
ATGAGGTCTTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGAAAGAACTAT
GAATGAATGGGGAAAGTTGATTTCTGATGCTGGCTTCACAAGCTATAAGCTTACTCCTGCATTTGGTGTGAGG 
 
7. O. tenuiflorum - 746 (91 bp) 
TTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAATTC
AATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCCCCA
TCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTTTTCATCGAAGAA
AAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCCTT
TGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAATGG
TTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAAATG
264 
 
AGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCACTAA
GGACTACAAGCATGTGATTGAGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGGCT
AAAGCATCGTTGAAACAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTTGGA
AAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCTTCTCA
AGGTAAATTCCTTAAGCCCCATCCCACTGAAGCTATTATATATCATCATATATTGAAAACAAAACATTAATGAT
GAGGGAAAATACTGAACAGTCTATAATACAGGACTGGAAAGATGAGGAGGGCCTCAAAATCTAGAAGAGAT
GAAAAGATGACGTAGGTATGGGAGGGAAGGTGATTATAATAGAAGTGGTTGTGGGTGTCAGACAGGACGTA
GATGAGGTTCTATAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATACAAAAAAAAGAACTG
AGAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAACCTTACTCCTGCATTTGGTGTGAG
G 
 
8. O. gratissimum - 769 (74 bp) 
ACTTCTTCAAGCTCAAGCTCATGTATGGAACCAcATGTAcGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAAT
TCAATTAGGCATACCCGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCCC
CATCAACAAAGcAAAATCCCAATGTcTCCAtCGTTTGATGCGTGtAtTAGTCAATTCCAATTTCTTCATCGAgGAA
AACAACTCTAATAATCAAGAGGTGcGTTACTGGCTgACCCCAGCCTCACGCCTCCTCTTGAAGGGGGCGCCTCT
GACTGTGGCACCCCTTGTCCAAGTCaTTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGcGAATGGc
TTACACATGAGAACCACGCCACACAGTTTGAGGCAGCAAATGGATGCACGTTTTGGGAGAAGTTAGCAAATG
AGCCAAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCGAGGCTCGTGGCACATGTACTCACCAA
GGACTACAAGCATGTGATTGAGGGAATCAAAACATTGGTTCGATGTAGGGGGTGGTAATGGAACGATGGCT
AgAGCTATCGTTGAAGCAGTGCCCACCATGAAATGCACAGTTATTGACCTCCCACATGTcGTGGCTGGCTTGG
AAAGCACtGATAgCTTgAGCTATATTGGGGGAGACATGTTCCgGTCTATCCCTTCTGCcGATGCAgTTCTTCTCA
AGGTAAATTCCTTAAGCTATTATATATCTTATAATTATAAAACAAAACCAATAATGATGAGCAAAAACATGAAC
AGTCTATAATACACGACTGGAACGATGAGGAAGGCCTCAAAATCTTGAATAGATGCAAAGATGCGGTCGGTA
TTGGAGGTAAGGTGATTATTATCGACGTGGTTGTGGGTGTCAATCATGACGTTGATGAGGTTCTAGAAGATCA
GCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAACTGAGAAAGAGTGGGCAAAGTT
GATCTCTGATGCTGGCTTCACAAGCTATAA 
 
9. O. tenuiflorum - 770 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGAAACTTTCCTCAATTACTCCAATCCATC
CCCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAA
GAAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTAGCGCCTCCTCTTGAAAGGGGCGC
CTCTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAA
TGGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CTAAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTT
GGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCTT
CTCAAGGTAAATTCCTTAAGCCCCATCCCACACAAGCTATTATATATCATCATATATAGAAAACAAAACAGTAA
TGATGAGGGAAAATACTGAACAGTCTATAATACACGACTGAAACGATGAGGAGGGCCTCAAAATCTTGAAGA
GATGAAAAGATGCCGTCGGTATTGAAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAGCCAGGACG
TTGATGAGGTTCTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGAAAGAAC
TGAGAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAACCTTACTCCTGCATTTGGTGTG
A 
 
10. O. tenuiflorum - 771 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGAAACTTTCCTCAATTACTCCAATCCATC
265 
 
CCCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAA
GAAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTAGCGCCTCCTCTTGAAAGGGGCGC
CTCTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAA
TGGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CTAAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTT
GGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCTT
CTCAAGGTAAATTCCTTAAGCCCCATCCCACACAAGCTATTATATATCATCATATATAGAAAACAAAACAGTAA
TGATGAGGGAAAATACTGAACAGTCTATAATACACGACTGAAACGATGAGGAGGGCCTCAAAATCTTGAAGA
GATGAAAAGATGCCGTCGGTATTGAAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAGCCAGGACG
TTGATGAGGTTCTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGAAAGAAC
TGAGAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAACCTTACTCCTGCATTTGGTGTG
A 
 
11. O. tenuiflorum - 844 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAAG
AAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGACGCC
TTTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGCCACCATATGAGCGAAT
GGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CTAAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTT
GGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCTT
CTCAAGGTAAATTCCTTAAGCCCCATCCCACACAAGCTATTATATATTATCATATATTGAAAACAAAACATTAAT
GATGAGGGAAAATACTGAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAAAATCTTGAAGAG
ATGCAAAGATGCCGTCGGTATTGGAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACGT
TGATGAGGTTCTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGAAAGAACT
GAGAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAAGCTTACTCCTGCATTTGGTGTGA
GG 
 
12. O. tenuiflorum - 865 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTTATTAGTCAATTCCAACTTCTTCATCGAA
GAAAAGAACTCTAGTAATCAAGAAGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGC
CTCTGACTGTGGCACCCCTTGTCCAAGTCAATTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAA
TGATTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CCAAAGCAATCATTGAAGCAGTGCCCACCATAAAATGCACGGTTATTGACCTCCCACATGTCATGGCTGGCTT
GGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCACGGTCTATCCCTTCTGCCGATGCAGTTCT
TCTCAAGGTAAATTCCTTAAGCCCCATCCCACCCCAGCTATTTTATATTTTCTCATATTGAAAACAAAACATTAA
TGATGAGGGAAAACACTGAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAAAATCTTGAAGA
GATGCAAAGATGCCGTCGGTATTGGAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACG
TTGATGAGGTTTTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAAC
TGAGAAAGAATGGGCAAAGTTGATCTCTGATGCTAGGCTCACAGGCTATAA 
 
266 
 
13. O. tenuiflorum - 867 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAAG
AAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCC
TTTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAAT
GGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CTAAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTT
GGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCTT
CTCAAGGTAAATTCCTTAAGCCCCATCCCACAGAAGCTATTATATATTATCATATATTGAAAACAAAACATTAAT
GATGAGGGAAAATACTGACCAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAAAATCTTGAAGAG
ATGCTAAGATGCCGTCGGTATTGAAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACGT
TGATGAGGTTCTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGATAGAACT
GAAAAGGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATTAAGCCTTACTCCTTGCATTTGATGT
GA 
 
14. O. tenuiflorum - 871 (93 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAAG
AAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCC
TTTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAAT
GGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CTAAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCATAGTTATTGACCTCCCACATGTCGTGGCTGGCTT
GGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCTT
CTCAAGGTAAATTCCTTAAGCCCCATCCCACTGCTAGCTATAATATATTATCTTATATTGAAAACAATACATTAA
ATGATGAGGGAAAATACTGAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAAAATCTTGAAG
AGATGCAAAGATGCCGTCGGTATTGGAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGAC
GTTAGATGAGGTTATAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGATAGA
ACTGAGAAAGAATGGGCAAAGCTCATCTCTGATGCTGGCTTCACAGGCTATAACCTCACTCCTGCATTTG 
 
15. O. tenuiflorum - 872 (93 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAAG
AAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCC
TTTGACTGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAAT
GATTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAAA
TGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCACT
AAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGGC
TAAAGCAATCCTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCATGGCTGGCTTG
GAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCTTCT
CAAGGTAAATTCCTTAAGCCCCATCCCACTCCAAGCTATTATATATCATCTTATATTGAAAACAAAACATGAAAT
GATGAGGGAAAATACTGAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAAAATCTTGAAGAG
ATGAAAAGATGCCGTCGGTATTGGAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACGT
267 
 
TAGATGAGGTTCTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGATTGAAC
TGAGAAAGAATGGGCAAAGCTGATCTCTGATGCTGGCTTCACAGGCTATAACCTCACTCCTGCATTTG 
 
16. O. tenuiflorum - 873 (92 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAAG
AAAAGAACTCTAATAATCAAGAAGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCC
TCTGACTGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAAT
GGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CCAAAGCAATTCTTGAAGCAGTGCCCACCATAAAATGCACGGTTATTGACCTCCCACATGTCATGGCTGGCTTG
GAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAGTTCTTCT
CAAGGTAAATTCCTTAAGCCCCATCCCACCCCAGCTATTATATATTTATCATATATTGAAAACAAAACATTAATG
ATAAGAAAAAACACTAAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAAAATCTTGAAGAGA
TGCAAAGATGCCGTCGGTATTGGAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACGTT
GATGAGGTTTTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAATTG
AGAAAGAATGGGCAAAGTTGATCTCTGATGCTAGCTCACAGGCTATAAGCTACTCCTTGCATTTGG 
 
17. O. tenuiflorum - 878 (89 bp) 
ACTTCTTCAAGCTCAAGCTCATGTGTGGAATCATATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATACCCGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAAG
AAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCC
TTTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAAT
GGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CTAAAGCAATGCATTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCT
TGGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTTCGGTCTATCCCTTCTGCCGATGCAGTTCTT
CTCAAGGTAAATTCCTTAAGCCCCATCCCACACTAGCTATTATATATTATCATATTTTGAAGAAAACATTAATGA
TAAGAAAAAGCACTATACTGTCTATAATACACTACTGGAACGATGAGAAGGGCCTCAAAATCTTGACGAGATG
AAAAGATGCCATCGGTATTGGAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACGTTGA
TGAGGTTTTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAATTGAG
AAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTCACAGGCTATAA 
 
18. O. selloi – 1583 (94 bp) 
ACTCCTTCAAGCTCAAGCTCATGTATGGAACCACATGTATGCCTTTGCAAACTCAATGTACTTAAAATGTGCAA
TTCAATTAGGtATACCAGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTACAATCCATCC
CCATCAACAAAGAAAAATCCCAATGTTTCCATCGTTTGATGCGTGCACTAGTCAATTCCAACTTCTTCATCGAAC
AAAATGACCCTAATAATCAAGAGGTGTGTTACTGGCTCACCCCAGCCTCACGCCTCCTCTTAAAGGGAGAGCC
TCTAACTGTGGCACCCCTTATCCAAGCCATTTTACATCCCACATTCACAAACCCATGGCACCATATGAGTGAAT
GGTTTAAAgATGAGAAACATGCCACACAGTTCGAGGCAACAAATAtATCCACAGTTTGGGAGAcGTTAGCgAA
TGAGCCTAGCcTGAATAGcTTgTTTAATAAAGCTATGAGTTGTGACTCGgGGCTTATGGCtCATGTACTCgtCAA
GGACTAtAAGCATGTGATTGAGGGAATCAGAACATTGGTCGATGTAGGGGGTGGCgATGGAACGATGGCTAA
AGCTATCGTTGAAGCAGTGCCCACCATAAAATGCACTGTTCTTGACCTCCCACATGTTGTGGATtGCTTGGAAA
GCACtAATAgGTTgAGCTATATTGGGGGAGACATGTTCCAGTCTATCCCTTCTGCtGATGCAATTCTTCTTAAGG
TAATTTCTTTAAGCCTTATTAAACTCAAACTGTTATATATCATCAGTAGCCTTGAAAACAAAAATAATACTGATG
268 
 
AGTAAAAACCCTGAACAGTGTATAATACATGATTGGAACGACAAGGAGAGCCTAAAAATCTTGAAGAGAtGC
AgAGATGCGGTCTGCACTGGAAGGGAAGGTGATTATCATTGGATGTGGGTTGTGGGTATCAACCATGACATT
NGATGAGGTTCTAGAAGATCAACTCCACTTTGATATGGCAATNGATGTGTTACGCCGATGGGAAAgAAAGAA
GTGAGAAAGAATGGGNCAAAGTTgTTCTCTGATGCGGGCGTCACAAGCTATAAGATTACTCCTGCATTT 
  
19. O. gratissimum – 1138 (95 bp) 
ACTTCTTCAAGCTCAAGCTCATGTATGGAACCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAA
TTCAATTAGGCATtCCCGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCC
CCATTAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAATTTCTTCATCGAgG
AAAACAACTCTAATAATCAAGAGGTGCGTTACTGGCTGACCCCAGCCTCACGCCTCCTCTTGAAGGGGGCGCC
TCTGACTGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAAT
GGCTTACACAcGAGCACCACACCACACAGTTTGAGGCAGCAAATGGATGCATGTTTTGGGAGAAGTTAGCAA
ATGAGCCGAGCATGAGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCGAGGCTCGTgGCACATGTACTCAC
CAAGGACTACAAGCATGTGATTGAGGGAATCAAAACATTGGTTGATGTAGGGGGTGGTAATGGAACGATGG
CTAgAGCTATCGTTGAAGCAGTGCCCACCATGAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTTG
GAAAGCACTGATAGCTTGAGCTATATTGGGGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAgTTCTTCT
CAAGGTAAATTCCTTAAGCTTAACCCCGTCACATTAGAACTATTATATATCCTCATACCTTGAAAACAAAACATT
AATGATGAGCAAAAACATGAACAGTCTATAATACACGACAGGAAAGATAAGGAAGGCCTCAAAATCTTGAAT
AGATACAAAGATgCAGTCGGTATTGGAGGTAAGGTGATTATTATCGACGTGGTTGTGGGTGTCAATCATGATG
TTGATAAGGTTCTAGAAgATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAAC
TGAGAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAAGCTATAAACTTACTCCTGCATTTGGTGTG
AGG 
 
20. O. tenuiflorum – 877 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTgTGGAAtCAcATGTAcGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAAT
TCAATTAGGCATACCtGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCCC
CATCAACAAAGAAAAATCCCAATGTCTCCATCGTTTGATGCGTGtAtTAGTCAATTCCAACTTCTTCATCGAAGA
AAAgAACTCTAgTAATCAAGAGGTGCaTTACTGGCTCACCCCAGCCTCgCGCCTCCTCTTGAAaGGGGCGCCTTT
GACaGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAATGGT
TTACtCATGAGcACCATGCCACACAGTTTGAGGCgGCAAATGGATGCATGTTTTGGGAaAAGTTAGCAAATGA
GCCgAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCgAGGCTCGTGGCACATGTACTCACTAAG
GACTACAAGCATGTGATTGgGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGGCTAA
AGCAATtGTTGAAGCAGTGCCCACCATGAAATGCACgGTTATTGACCTCCCACATGTCGTGGCTGGCTTGGAA
AGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGCAgTTCTTCTCAA
GGTAAATTCCTTAAGCCCCATCCCACACAAGCGATAATATATTACCTCATATTGAAAACAAAACAGTAATGAAA
AGGAAAAATACTAAACAGTCTATAATACAggACTGgAACGATGAGGAGGGCCTCAAAATCTtGAAGAGATGCA
AAGATGCCGAAGGTATTGgAGGGAAGGtGATTATcATcgAtGTGGTTGTGGGTGTCAACCAGGACGTtGATGA
GGTTCTATAAGATCAGCTCCACTTCGATATGGCAGTGATGTGTTACTTCAATGCAAAAAAAAGAACTGAAAAG
GAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAAGCTTACTCCTGCATTTGATGTGA 
 
21. O. tenuiflorum – 866 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTgTGGAAtCAcATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAAT
TCAATTAGGCATACCtGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCCC
CATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAAcTTCTTCATCGAAGA
AAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCCT
TTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAATG
GTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAAAT
GAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCACTA
AGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGGCT
269 
 
AAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTTGG
AAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCAGATGCAGTTCTTCTC
AAGGTAAATTCCTTAAGCCCCATCACACACAAGCTATTATATATTATCATATATTGAAAACAAAACATTAATGA
TGAGGGAAAATACTGAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTTAAAATCTAGAAGAGAT
GCaAAGATGCCGTCgGTATTGgAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAGCCAgGACGTTGA
TGAGGTTCTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGAAAGAACTGAg
AAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAAGCTTAGTCCTGCATTTGGTGTGA 
 
22. O. basilicum – 493 (91 bp) 
ACTaCTTCAAGTCAAGTTCATGTATGGAACCATATGTATGCCTTTGCAAACTCTATGTCCTTAAAATGTGCAATT
CAATTAGGCATACCCGATATTCTCCACAAACATGACCACCCAATGACACTTTCCCAgTTACTCCAAGCCATCCCC
ATCAACAAAGAAAAATCCCAAAGTTTCCAGCGTTTGATGCGTGCACTAGTCAATTCCAATTTCTTCATtGAAGA
AAACTCTAATAATCAAGAGGTGTGTTACTGGCTCACCCCAGCCTCACGCCTCCTCTTGAAGGGGGCGCCTcTGA
CTGTGGCACCCCTTGTCCAAGTCGTTTTGGATCCCACTTTCACAAACCCATGGCATTATATGAGTGAATGGTTT
AAACATGAGAACCACGCCACCCAGTTTGAGGCAGCAAATGGATGCACGTTTTGGGAGAAGTTAGCAAATAAG
CCAAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCAAGGCTTGTGGCACATGTACTCACTAAGG
ACTACAAGCATGTGATTGATGGAATAAGAACATTGGTCGATGTTGGGGGTGGTAATGGAACGATGGCTAAAG
CTATCGTCGAAGCAGTGCCCACCATGAAATGCACAGTTCTTGACCTACCACATGTTGTGGCTGGGTTGGAAAG
CACCGACAAATTAAGCTATATTGGGGGAGACATGTTCCAGTCTATCCCTTCTGCAGATGCAATTCTTCTCAAGG
TAAATTACTTAAAGCCCCATTAAACTTGAATTATTATATATCATTATACATTGAAAACAAAATAATAATGATGAG
TAAAATACTAAACAGTCTATAATACACGATTGGGACGATGAGGAGGGCCTCAAAATCTTGAAGAGATGTAAA
GATGCAGTTGGTATTGGAGGGAAGGTGATAATCATCGATGTGGTTGTGGGTGTCAACCATGACGTTGATGAG
GTTTTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAACTATGAATG
AATGGGGAAAATTGATTTCTGATGCTGGCTTCACAAGCTATAAgCTTACTCCNGCATTTGGTGTGAGG 
 
23. O. tenuiflorum – 292 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTgTGGAAtCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAAT
TCAATTAGGCATACCtGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCCC
CATCAACAAAGcAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAATTTCTTCATCGAAGA
AAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCCT
TTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAATG
GTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCAtGTTTTGGGAAAAGTTAGCAAAT
GAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCACTA
AGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGGCT
AAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTTGG
AAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCcGATGCAGTTCTTCTC
AAGGTAAATTCCTTAAGCCCCATCCCACACAAGCTATTATATATTATCATATATTGAAAACAAAACATTAATGAT
GAGGGAAAATACTGAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAAAATCTtGAAGAGATG
CAaAGATGCCGTCGGTATTGGAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACGTTGA
TGAGGTTcTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGAAAGAACTGAG
AAGGAATGGGCAAAGTTGATCTCTGATGCTGGCTtCACAGGCTATAAGCTTACTCCTGCATTTGGTGTGAGG 
 
24. O. tenuiflorum – 285 (91 bp) 
CTTAAAATGTGCAATTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATT
ACTCCAATCCATCCCCATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAA
cTTCTTCATCGAAGAAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCT
TGAAAGGGGCGCCTTTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCAC
CATATGAGCGAATGGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCACGTTTTGGG
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AAAAGTTAGCAAATGAGCCgAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGG
CACATGTACTCACTAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTG
ACGGAACGATGGCTAAAGCAATCGTCGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGT
CGTGGCTGGCTTGGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCc
GATGCAGTTCTTCTCAAGGTAAATTCCTTAAGCCCCATCCCACACAAGCTATTATATATTATCATATATAGAAAA
CAAAAAATTAATGAAGAGGGAAAATACTGAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTCAA
AATCTTGAAGAGATGcAAAGATGCCGTCGGTATTGgAGGGAAGGtGATTATCATCGATGTGGTTGTGGGTGTC
AAcCAGGACGTtGATGAGGTTCTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAA
AgAAAGAACTGAgAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAACCTTAGTCCTGCA
TTTGGTGTGA 
 
25. O. tenuiflorum – 286 (91 bp) 
ACTTCTTCAAGCTCAAGCTCATGTgTGGAAtCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATGTGCAAT
TCAATTAGGCATACCtGATATTCTCCACAAACATGGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCCC
CATCAACAAAGCAAAATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAAG
AAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAAGGGGCGCC
TTTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAAT
GGTTTACTCATGAGCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAA
ATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACATGTACTCAC
TAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGG
CTAAAGCAATCGTTGAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTT
GGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCcGATGCAGTTCTTC
TCAAGGTAAATTCCTTAAGCCCCATCACACACAAGCTATTATATATTATCATATATTGAAAACAAAACATTAATG
ATGAGGGAAAATACTGAACAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTTAtAATCTTGAAGAGA
TGCTAAGATGCCGTCGGTATTGgAGGGAAGGTGATTATCATCGATGTGGTTGTGGGTGTCAACCAgGACGTTG
ATGAGGTTCTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTtCAATGCAAAAaACAGAACTGAg
AAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAACCTTACTCCTGCATTTGGTGTGA 
 
26. O. americanum – 9939 (91 bp) 
ACTCCTTCAAGCTCAAGCTCATGTATGGAACCATATGTATGCCTTTGCAAACTCTATGTCCTTAAAATGTGCAAT
TCAATTAGGCATACCCGATATTCTGCACAAACATGACCACCCAATGACACTTTCCCAgTTACTCCAAGCCATCCC
CATCAACAAAGAAAAATCCCAAAGTTTCCAGCGTTTGATGCGTGCACTAGTCAATTCCAATTTCTTCATAGAAG
AAAACTCTAATAATCAAGAGGTGTGTTACTGGCTCACCCCAGCCTCACGCCTCCTCTTGAAGGGGGCGCCTTT
GACTGTGGCACCCCTTGTCCAAGTCGTTTTGGATCCCACTTTCACAAACCCATGGCATTATATGAGTGAATGGT
TTAAACATGAGAACCACGCCACCCAGTTTGAGGCAGCAAATGGATGCACGTTTTGGGAGAAGTTAGCAAATA
AGCCAAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCAAGGCTTGTGGCACATGTACTCACTAA
GGACTACAAGCATGTGATTGATGGAATAAGAACATTGGTCGATGTTGGGGGTGGTAATGGAACGATGGCTAA
AGCTATCGTCGAAGCAGTGCCCACCATGAAATGCACAGTTCTTGACCTACCACATGTTGTGGCTGGGTTGGAA
AGCACCGACAAATTAAGCTATATTGGGGGAGACATGTTCCAGTCTATCCCTTCTGCAGATGCAATTCTTCTCAA
GGTAAATTACTTATAGCCCCATTAAACTTGAATTATTATATATCATTATACATTGAAAACAAAATAATAATGATG
AGTAAAATACTAAACAGTTTATAATACACGATTGGGACGATGAGGAGGGCCTCAAAATCTTGAAGAGATGTA
AAGATGCAGTTGGCATTGGAGGGAAGGTGATAATCATCGATGTGGTTGTGGGTGTCAACCATGACGTTGATG
AGGTTTTAGAAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAACTATGAA
TGAATGGGAAAAATTGATTTCTGATGCTGGCTTCACAAGCT 
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Appendix 3 Full length O. tenuiflorum sequence obtained from chapter 4 
nucleotide alignment 
ATGGCATTGCAAAAAGTAGATATTTCACTATCGACAGAGCAACTTCTTCAAGCTC
AAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATG
TGCAATTCAATTAGGCATACCTGATATTCTCCACAAACATGGCCACCCAATGACA
CTTTCCCAATTACTCCAATCCATCCCCATCAACAAAGCAAAATCCCAATGTCTCC
ATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATCGAAGAAAAGAACTC
TAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCGCGCCTCCTCTTGAAA
GGGGCGCCTTTGACAGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCA
CAAACCCATGGCACCATATGAGCGAATGGTTTACTCATGAGCACCATGCCACAC
AGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTTAGCAAATGAGCCGA
GCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCGAGGCTCGTGGCACA
TGTACTCACTAAGGACTACAAGCATGTGATTGGGGGAATTAGAACGTTGGTTGAT
GTAGGGGGTGGTGACGGAACGATGGCTAAAGCAATCGTTGAAGCAGTGCCCACC
ATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTTGGAAAGCACCG
ATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGC
AGTTCTTCTCAAGTCTATAATACACGACTGGAACGATGAGGAGGGCCTTAAAATC
TTGAAGAGATGCaAAGATGCCGTCGGTATTGGAGGGAAGGTGATTATCATCGATG
TGGTTGTGGGTGTCAACCAGGACGTTGATGAGGTTCTAGAAGATCAGCTCCACTT
CGATATGGCAATGATGTGTTACTTCAATGCAAAAGAaAGAACTGAGAAAGAATG
GGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAAGCTTACTCCTGCATTT
GGTGTGAGGTCTCTCATAGAGGCTTATCCTTAA 
Appendix 4 Full length O. gratissimum sequence obtained from chapter 4 
nucleotide alignment 
ATGGCATTGCAAAAAGTAGATATTTCACTATCGACAGAGCAACTTCTTCAAGCTC
AAGCTCATGTATGGAACCACATGTACGCCTTTGCAAACTCAATGTCCTTAAAATG
TGCAATTCAATTAGGCATTCCCGATATTCTCCACAAACATGGCCACCCAATGACA
CTTTCCCAATTACTCCAATCCATCCCCATTAACAAAGCAAAATCCCAATGTCTCC
ATCGTTTGATGCGTGTATTAGTCAATTCCAATTTCTTCATCGAGGAAAACAACTCT
AATAATCAAGAGGTGCGTTACTGGCTGACCCCAGCCTCACGCCTCCTCTTGAAGG
GGGCGCCTCTGACTGTGGCACCCCTTGTCCAAGTCATTTTGGATCCCACTTTCAC
AAACCCATGGCACCATATGAGCGAATGGCTTACACAcGAGCACCACACCACACA
GTTTGAGGCAGCAAATGGATGCATGTTTTGGGAGAAGTTAGCAAATGAGCCGAG
CATGAGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCGAGGCTCGTGGCACAT
GTACTCACCAAGGACTACAAGCATGTGATTGAGGGAATCAAAACATTGGTTGAT
GTAGGGGGTGGTAATGGAACGATGGCTAgAGCTATCGTTGAAGCAGTGCCCACC
ATGAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGGCTTGGAAAGCACTG
ATAGCTTGAGCTATATTGGGGGAGACATGTTCCGGTCTATCCCTTCTGCCGATGC
AGTTCTTCTCAAGTCTATAATACACGACAGGAAAGATAAGGAAGGCCTCAAAAT
CTTGAATAGATACAAAGATGCAGTCGGTATTGGAGGTAAGGTGATTATTATCGAC
GTGGTTGTGGGTGTCAATCATGATGTTGATAAGGTTCTAGAAGATCAGCTCCACT
TCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAGAACTGAGAAAGAAT
GGGCAAAGTTGATCTCTGATGCTGGCTTCACAAGCTATAAACTTACTCCTGCATT
TGGTGTGAGGTCTCTCATAGAGGCTTATCCTTAA 
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Appendix 5 G-blocks 
1. O. basilicum – EOMT 
AAAAAAGCGGCCGCATGGCATTGCAAAAAGTAGATATTTCATTGTCGACAGAGC
AACTTCTTCAAGCTCAAGTTCATGTATGGAACCATATGTATGCCTTTGCAAATTC
AATGTCCCTAAAGTGTGCAATTCAATTAGGCATACCCGATATTCTCCACAAACAT
GGCCGCCCAATGACACTTTCCCAGTTACTCCAATCCATCCCCATCAACAAAGAAA
AAACCCAATGTTTCCAACGTTTGATGCGTGCACTAGTCAATTCAAATTTTTTCATC
GAAGAAAACAACTCTAATAATCAAGAGGTGTGCTACTGGCTCACCCCAGCGTCA
TGCCTCCTCTTGAAGGAGGCGCCCCTAACTGTGACACCCCTAGTCCAAGTCGTTT
TGGATCCCACTTTCACAAACCCATGGCACCATATGAGTGAATGGTTTACACATGA
GAAACATGCCACACAGTTTGAGGCAGCAAACGGATGCACATTTTGGGAGAAGTT
AGCAAATGAGCCAAGCAAGGGTAGATTTTTTGATGAAGCTATGAGTTGTGACTC
GAGGCTCATAGCACATGTATTCACCAAGGACTACAAGCATGTGATTGAGGGAAT
CAGAACATTGGTTGATGTTGGTGGTGGTAATGGAACGATGGCTAAAGCTATCGTT
GAAGCAATGCCCACCATTAAATGCACAGTTATTGACCTCCCACATGTTGTGGCTG
GCTTGGAAAGCACCGATAACTTAAACTATATTGGAGGAGACATGTTCCAGTCTAT
CCCTTCTGCAGATGCAATTCTTCTAAAGTCTATAATACATGATTGGGACGATGTG
GAGGGCCTCAAAATCTTGAAGAAATGCAAAGATGCGGTCGTTATGGGAGGGAAG
GTGATTATCATCGACGTGGTTGTGGGTGTCAACCACGATATTGATGAGGTTTTAG
AAGATCAGCTTCACTTTGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAG
AACTATGAGTGAATGGGAAAAGTTGATTTATGATGCTGGCTTCAAAAGCTATAA
GCTTACTCCTGCATTTGGTGTAAGGTCTCTCATAGAGGCTTATCCTTAAGAATTCA
AAAAA 
 
2. O. basilicum – CVOMT 
AAAAAAGCGGCCGCATGGCATTGCAAAATATGGATATTTCATTGTCGACTGAGC
AACTCCTTCAAGCTCAAGCTCATGTATGGAACCATATGTATGCCTTTGCAAACTC
TATGTCCTTAAAATGTGCAATTCAATTAGGCATACCCGATATTCTGCACAAACAT
GACCACCCAATGACACTTTCCCAATTACTCAAGGCCATCCCCATCAACAAAGAA
AAATCCCAAAGTTTCCAGCGTTTGATGCGTGCACTAGTCAACTCCAATTTCTTCA
TAGAAGAAAACTCTAATAATCAAGAGGTGTGTTACTGGCTCACCCCAGCCTCAC
GCCTCCTCTTGAAGGGGGCGCCTTTGACTGTGGCACCCCTTGTTCAAGTGGTTTT
GGATCCCACTTTCACAAACCCATGGCATTATATGAGTGAATGGTTTAAACATGAG
AACCACGCCACCCAGTTTGAGGCAGCAAATGGATGCACGTTTTGGGAGAAGTTA
GCAAATAAGCCCAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCAA
GGCTTGTGGCACATGTACTCACTAAGGACTACAAGCATGTGATTGATGGAATAA
GAACATTGGTCGATGTTGGGGGTGGTAATGGAACGATGGCTAAAGCTATCGTCG
AAGCAGTGCCCACCATGAAATGCACTGTTCTTGACCTACCACATGTTGTGGCTGG
GTTGGAAAGCACCGACAAATTAAGCTATATTGGGGGAGACATGTTCCAGTCTAT
CCCTTCTGCAGATGCAATTCTTCTCAAGTTTATAATACACGATTGGGACGATGAG
GAGGGCCTCAAAATCTTGAAGAGATGTAAAGATGCAGTTGGCATTGGAGGGAAG
GTGATAATCATCGATGTGGTTGTGGGTGTCAACCATGACGTTGATGAGGTTTTAG
AAGATCAACTCCACTTCGATATGGCAATGATGTCTTACTTCAATGCGAAAGAAAG
AACTATGAATGAATGGGAAAAATTGATTTCTGCTGCTGGCTTCACAAGCTATAAG
CTTACTCCAGCATTTGGTGTGAGGTCTCTCATAGAGGCTTATCCTTAAGAATTCA
AAAAA 
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3. O. tenuiflorum  
AAAAAAGCGGCCGCATGGCATTGCAAAAAGTAGATATTTCACTATCGACAGAGC
AACTTCTTCAAGCTCAAGCTCATGTGTGGAATCACATGTACGCCTTTGCAAACTC
AATGTCCTTAAAATGTGCAATTCAATTAGGCATACCTGATATTCTCCACAAACAT
GGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCCCCATCAACAAAGCAA
AATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAACTTCTTCATC
GAAGAAAAGAACTCTAGTAATCAAGAGGTGCATTACTGGCTCACCCCAGCCTCG
CGCCTCCTCTTGAAAGGGGCGCCTTTGACAGTGGCACCCCTTGTCCAAGTCATTT
TGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAATGGTTTACTCATGA
GCACCATGCCACACAGTTTGAGGCGGCAAATGGATGCATGTTTTGGGAAAAGTT
AGCAAATGAGCCGAGCATGGGTAGATTTTTTGATGAAGCTATGAGTTGTGATGCG
AGGCTCGTGGCACATGTACTCACTAAGGACTACAAGCATGTGATTGGGGGAATT
AGAACGTTGGTTGATGTAGGGGGTGGTGACGGAACGATGGCTAAAGCAATCGTT
GAAGCAGTGCCCACCATAAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTG
GCTTGGAAAGCACCGATAGCTTGAGCTATATTGGAGGAGACATGTTCCGGTCTAT
CCCTTCTGCCGATGCAGTTCTTCTCAAGTCTATAATACACGACTGGAACGATGAG
GAGGGCCTTAAAATCTTGAAGAGATGCaAAGATGCCGTCGGTATTGGAGGGAAG
GTGATTATCATCGATGTGGTTGTGGGTGTCAACCAGGACGTTGATGAGGTTCTAG
AAGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCAAAAGAaAG
AACTGAGAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAGGCTATAA
GCTTACTCCTGCATTTGGTGTGAGGTCTCTCATAGAGGCTTATCCTTAAGAATTCA
AAAAA 
 
4. O. gratissimum 
AAAAAAGCGGCCGCATGGCATTGCAAAAAGTAGATATTTCACTATCGACAGAGC
AACTTCTTCAAGCTCAAGCTCATGTATGGAACCACATGTACGCCTTTGCAAACTC
AATGTCCTTAAAATGTGCAATTCAATTAGGCATTCCCGATATTCTCCACAAACAT
GGCCACCCAATGACACTTTCCCAATTACTCCAATCCATCCCCATTAACAAAGCAA
AATCCCAATGTCTCCATCGTTTGATGCGTGTATTAGTCAATTCCAATTTCTTCATC
GAGGAAAACAACTCTAATAATCAAGAGGTGCGTTACTGGCTGACCCCAGCCTCA
CGCCTCCTCTTGAAGGGGGCGCCTCTGACTGTGGCACCCCTTGTCCAAGTCATTT
TGGATCCCACTTTCACAAACCCATGGCACCATATGAGCGAATGGCTTACACAcGA
GCACCACACCACACAGTTTGAGGCAGCAAATGGATGCATGTTTTGGGAGAAGTT
AGCAAATGAGCCGAGCATGAGTAGATTTTTTGATGAAGCTATGAGTTGTGACTCG
AGGCTCGTGGCACATGTACTCACCAAGGACTACAAGCATGTGATTGAGGGAATC
AAAACATTGGTTGATGTAGGGGGTGGTAATGGAACGATGGCTAgAGCTATCGTTG
AAGCAGTGCCCACCATGAAATGCACAGTTATTGACCTCCCACATGTCGTGGCTGG
CTTGGAAAGCACTGATAGCTTGAGCTATATTGGGGGAGACATGTTCCGGTCTATC
CCTTCTGCCGATGCAGTTCTTCTCAAGTCTATAATACACGACAGGAAAGATAAGG
AAGGCCTCAAAATCTTGAATAGATACAAAGATGCAGTCGGTATTGGAGGTAAGG
TGATTATTATCGACGTGGTTGTGGGTGTCAATCATGATGTTGATAAGGTTCTAGA
AGATCAGCTCCACTTCGATATGGCAATGATGTGTTACTTCAATGCGAAAGAAAG
AACTGAGAAAGAATGGGCAAAGTTGATCTCTGATGCTGGCTTCACAAGCTATAA
ACTTACTCCTGCATTTGGTGTGAGGTCTCTCATAGAGGCTTATCCTTAAGAATTCA
AAAAA 
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Appendix 6 Ocimum (EOMT) Sequence Accession Numbers from 
GenBank 
1. Ocimum basilicum Sequence 493 (B16) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442468) 
2. Ocimum basilicum Sequence 745 (G34) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442469) 
3. Ocimum citriodorum Sequence 674 (G29) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442470) 
4. Ocimum americanum Sequence 9939 (C85) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442471) 
5. Ocimum kilimandscharicum Sequence 676 (G31) eugenol O-methyltransferase gene, 
partial sequence (Accession No. - MK442472) 
6. Ocimum selloi Sequence 1583 (C82) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442473) 
7. Ocimum gratissimum Sequence 744 (G30) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442474) 
8. Ocimum gratissimum Sequence 769 (G32) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442475) 
9. Ocimum gratissimum Sequence 1138 (C81) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442476) 
10. Ocimum tenuiflorum Sequence 770 (G37) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442477) 
11. Ocimum tenuiflorum Sequence 285 (14092902) eugenol O-methyltransferase gene, 
partial sequence (Accession No. - MK442478) 
12. Ocimum tenuiflorum Sequence 286 (14092903) eugenol O-methyltransferase gene, 
partial sequence (Accession No. - MK442479) 
13. Ocimum tenuiflorum Sequence 292 (14092909) eugenol O-methyltransferase gene, 
partial sequence (Accession No. - MK442480) 
14. Ocimum tenuiflorum Sequence 618 (G26) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442481) 
15. Ocimum tenuiflorum Sequence 619 (G27) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442482) 
16. Ocimum tenuiflorum Sequence 746 (G36) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442483) 
17. Ocimum tenuiflorum Sequence 771 (G38) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442484) 
18. Ocimum tenuiflorum Sequence 844 (G39) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442485) 
19. Ocimum tenuiflorum Sequence 865 (V86) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442486) 
20. Ocimum tenuiflorum Sequence 866 (V87) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442487) 
21. Ocimum tenuiflorum Sequence 867 (V88) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442488) 
22. Ocimum tenuiflorum Sequence 871 (V92) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442489) 
23. Ocimum tenuiflorum Sequence 872 (V93) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442490) 
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24. Ocimum tenuiflorum Sequence 873 (V94) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442491) 
25. Ocimum tenuiflorum Sequence 877 (V98) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442492) 
26. Ocimum tenuiflorum Sequence 878 (V99) eugenol O-methyltransferase gene, partial 
sequence (Accession No. - MK442493) 
 
